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THESIS ABSTRACT 
1. INTRODUCTION 
Biodiesel, i.e. fatty acid methyl esters (FAME) derived from vegetable oil or from animal fat, has 
been produced as alternative fuel since 1991 (Pahl, 2008). However, its production is still 
noncompetitive compared to fossil fuels for different reasons. In this work I focused on different 
aspects of the biodiesel production, trying to understand the critical points of the processes and 
proposing improvements to the existing technology.  
The first one belongs to the oil pretreatment technologies. Since one of the main drawback in using 
edible oils for producing fuels relies in their costs and the agricultural land usage, vegetable oils 
obtained from non-edible seeds or wastes were used. However, this feedstock is characterized by a 
great amount of free fatty acids (FFA), which should be eliminated because represent a problem in 
the transesterification step. One of the more advantageous solution proposed relies in the FFA 
esterification (Pirola, et al., 2015). It consists in eliminating FFA by making them react with alcohol 
(methanol) to give ester and water. However, the reaction conditions used are not yet standardized 
and optimized (Son, et al., 2011), (Kouzu, et al., 2011). In my work both batch and continuous 
experiments were performed using ion exchange resin as catalyst, i.e. Amberlyst 46 resin, changing 
different key parameters, i.e. temperature, methanol amount and reaction time in order to optimize 
the operative variable and developing a comprehensive kinetic model able to describe the reaction 
kinetics and the non-ideality of the mixture exanimated. 
In a second step, the work focused on the core process of the biodiesel production, i.e. the 
transesterification reaction. In this step usually a homogeneous basic catalyst is used, generally NaOH 
or KOH (Jain, et al., 2011). Together with the great advantage of the very low reaction time needed 
for achieving complete oil conversion, the typical disadvantage of the homogeneous catalysis are 
non-negligible, i.e. their separation from the reacting mixture and their disposal. In detail, I studied 
the heterogeneous transesterification of second generation oils using CaO as heterogeneous catalyst. 
Instead of developing costly and complicated catalysts, whose cost affects the operative expenses of 
the process, I focused on enhancing the biodiesel yield trying to use a cosolvent (among acetone, 
tethrahydrofuran, chloroform, ethyl acetate, dichloromethane and heptane) for oil and methanol (that 
shows a very low solubility in triglycerides), in order to eliminate the external mass transfer 
limitation. This, as far as I know, is an innovative solution for the biodiesel synthesis technology. I 
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tested the transesterification in seven different solvents, performing the reactions at 60°C in a batch 
reactor. Among the solvents tested, THF showed the best results.  
Finally, since in the end the main limitation to the biodiesel usage are the economic limitations, I tried 
to develop methods for the recovery of high added value molecules, for instance beta carotenes from 
palm oil and used biodiesel as a reactant for the production of plasticizers using hydrogen peroxide 
generated in situ, following different strategies for the epoxidation reaction yield maximization in 
order to improve the economic balance of the whole production. In particular crude palm oil was 
treated with heterogeneous catalyst at low temperature and pressure in order to preserve the carotenes 
content while for what concern the epoxidation of biodiesel I optimized the reaction conditions and 
tried different strategies form increasing the plasticizer power of the final product, achieving results 
comparable to the available commercial bio plasticizers.  
2. RESULTS AND DISCUSSION 
2.1 Oil pretreatment, deacidification 
I chose Amberlyst 46 catalyst because of its peculiar properties for the esterification reaction between 
FFA and methanol to give FAME and water. In fact, it is a sulphonic acid resin characterized by the 
presence of the active acid sites only at the catalyst surface, property that reduce the internal 
diffusional limitations. In a previous work this catalyst was found to be the best among a series of 
heterogeneous catalyst.  
All the results obtained in the FFA deacidification of oil gave the indication that a monophasic 
reacting mixture is the best choice for undergoing deacidification reaction, since the double phase 
formation limits the biodiesel yield and the catalyst performance in a packed bed reactor. The 
methanol:oil molar ratio equal to 5 was found to be the best for obtaining high FFA conversions. 
In Figure 1 the main results concerning the batch deacidification experiments are reported (Galli et 
al., 2014).  
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Figure 1: Experimental FFA conversion at different methanol/FFA molar ratios: (+) 1.96, (■) 2.99, (▲) 5.00, (●) 10.06, (◆) 
13.38, (○) 94.32), and (□) 149.35. Full symbols indicate the present of only one liquid phase, and empty symbols indicate the 
presence of two liquid phases. 
In Figure 2 the main results obtained concerning the continuous oil deacidification varying the 
reaction temperature are summarized, together with the kinetic regression (Galli et al., 2015).  
Two different models, pseudo-homogeneous and adsorption-based, were proposed and the 
corresponding kinetic parameters were regressed. In particular two different thermodynamic 
approaches were considered, i.e. considering the liquid mixture ideal and non-ideal, calculating the 
activity coefficients using the UNIQUAC model (Abrams & Prausnitz, 1975). The equations of these 
two models are reported hereinafter: 
𝑟𝑃𝑆𝐸𝑈𝐷𝑂 =
𝑑𝜉
𝑑𝑡
∗ 𝐶𝐹𝐹𝐴
0 = 𝑘1
0 ∗ 𝑎𝐹𝐹𝐴 ∗ 𝑎𝑀𝑒𝑂𝐻 − 𝑘−1
0 ∗ 𝑎𝐹𝐴𝑀𝐸 ∗ 𝑎𝐻2𝑂    Equation 1 
in which ξ represents the conversion of FFA, 𝐶𝐹𝐹𝐴
0  the initial FFA concentration, 𝑘𝑖
0 the kinetic 
constant of either the direct or inverse reaction and 𝑎𝑖 the activity of the component i. The expression 
of the reaction rate considering the adsorption based model is reported in Equation 2 
𝑟𝐴𝐷𝑆 =
𝑑𝜉
𝑑𝑡
∗ 𝐶𝐹𝐹𝐴
0 =
𝑘1
0∗𝑎𝐹𝐹𝐴
′ ∗𝑎𝑀𝑒𝑂𝐻
′ −𝑘−1
0 ∗𝑎𝐹𝐴𝑀𝐸
′ ∗𝑎𝐻2𝑂
′
(𝑎𝐹𝐹𝐴
′ +𝑎𝑀𝑒𝑂𝐻
′ +𝑎𝐹𝐴𝑀𝐸
′ +𝑎𝐻2𝑂
′ )
2       Equation 2 
in which 𝑎𝑖
′ are the activities considering the adsorption affinity constant between the component I 
and the resin, reported in (Popken, et al., 2000) and (Rehfinger & Hoffmann, 1990). For both the 
models the temperature dependence of the kinetic constants was considered adopting the Arrhenius 
model. 
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Figure 2: Experimental FFA esterification, experimental data (points) at 95°C (circles), 85°C (triangles), and 54°C 
(diamonds) and simulated curves using (a) the adsorption-based model with UNIQUAC, (b) the pseudo-homogeneous model with 
UNIQUAC, (c) the adsorption-based model with IDEAL (activity coefficients = 1), (d) the pseudo-homogeneous model with IDEAL 
(activity coefficients = 1), taken from (Galli et al., 2015) 
The best fitting was obtained using the adsorption based model taking into account the calculation of 
the liquid activities. The calculation of the activities considering the UNIQUAC model does not have 
a great influence on the fitting probably because the experimental amount of methanol used was 
chosen in order to have only a monophasic liquid mixture and then corresponding to mixture 
compositions only lightly non-ideal. Nevertheless, being the system oil/FFA/FAME/methanol/water 
highly non-ideal for others several compositions, a possible formation of two liquid phases can be 
calculated only using this more realistic thermodynamic approach, and thus its use is preferable. The 
use of UNIQUAC model in order to take into account the non-ideality of the liquid medium is 
consequently advantageous when using starting vegetable oils characterized by higher FFA content. 
In this case, with the UNIQUAC adsorption-based model, it is possible to predict the behavior of the 
system, and it is possible to design a series of packed bed reactor (PBRs) each of which dimensioned 
in order to avoid the liquid demixing. Proper water separation procedures will be necessary between 
two consecutive reactors.  
In addition, since the stability of a catalyst is a crucial and important point for an industrial process, 
the catalyst was used for more than 600 hours without discharging it. It and showed no chemical and 
mechanical degradation because the result obtained in the first run was reproduced twice at the end 
of all the experiments proving once again that Amberlyst 46 is a suitable industrial catalyst for the oil 
pretreatment.  
2.2 The biodiesel production, transesterification 
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The results of transesterification reaction between triglycerides and methanol to give FAME and 
glycerol obtained with CaO working without using a cosolvent are reported in Table 1. The tests were 
performed in a batch reactor using sunflower oil as feedstock at a temperature of 60°C varying the 
amount of methanol in the reactor. 
Table 1: summary of the results obtained in the heterogeneous catalyzed transesterification reaction 
 FAME YIELD [%] 
Time 
[min] 
60 120 180 240 
M
eO
H
/O
il
 
3 22 45 58 74 
6 23 50 65 82 
10 25 58 70 85 
12 42 66 77 90 
22 49 63 75 91 
The first consideration to be made is that the time needed to achieve a high oil conversion is higher 
than 4 hours. This observation confirms and highlight the main restriction of the heterogeneous 
catalysis for the transesterification reaction, i.e the diffusional limitation. Another important aspect 
of the results obtained is that the experiment performed with a MeOH/oil of 12 gave almost the same 
results of the one performed at a ratio of 22. This means that a too high excess of methanol does not 
affect the oil conversion and this is due for the same reason exposed previously, the formation of a 
two liquid phase system.  
In Figure 3 are reported the best results obtained for the reaction in the presence of different co-
solvents. The reaction was performed in a batch reactor and using a fixed amount of catalyst (10% 
by weight based on the oil phase). The amount of co-solvent, instead, was varied in order to find the 
optimized value for obtaining the highest biodiesel yield. 
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Figure 3: Reaction rate of the best results obtained with each cosolvent: acetone (orange, 10%w), heptane (black, 20%w), no 
solvent (light blue), chloroform (blue, 30%w), ethyl acetate (yellow, 20%w), dichloromethane (green, 30%w), THF (red, 30%w). 
The reaction rates with acetone and heptane are lower than without a co-solvent. FAME yields are 
higher with THF, ethyl acetate and the chlorinated ones showed higher FAME yield, and the rate of 
reaction are faster compared to the two-phase system (no solvent). The yield and reaction rates were 
lowest for acetone; ketones self-condense when in contact with basic catalysts (noted also from the 
GC analysis). Thus less methanol was consumed and the FAME yield was slightly better. THF and 
the catalyst was recycled for three consecutive batch reactions. The equilibrium conversion was 
identical for each batch, which demonstrates that the catalyst performance is stable. Summarizing, 
THF is the most promising co-solvent for heterogeneous catalysis. The performances of this new 
process are comparable to the one of the homogeneous catalyzed process, giving good prospective 
for the application of the heterogeneous catalysis for the biodiesel synthesis (Galli, et al., 2015). 
2.3 Biodiesel economic enhancement, carotenes recovery and bioplasticizer synthesis 
The final part of the work was dedicated to the economical enhancement of the whole biodiesel 
process. Two different approaches were studied, the first one concerning the carotenes recovery from 
crude oils. Carotenoids are important commercial products and, being accepted as a food-grade 
additive, are exempt from certification. Another important use of carotenes is in cosmetic 
preparations. 
The methanol to FFA molar ratio equal to 5 resulted to be good for preserving the carotenes content 
in crude palm oil. A series of bacth deacidification reactions of crude pam oil using an esterification 
reaction with methanol catalyzed by an acid ion exchange resin (Amberlyst 46) was performed. 
Temperature, initial FFA content and methanol amount was varied without discharging the 
heterogeneous catalyst. 
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The adsorption of carotenes on the resin surface was observed and satisfactory free fatty acid 
conversion was always obtained, as shown in Figure 4. Moreover, carotenes resulted more stable 
towards air oxidation when adsorbed on the catalyst. 
 
Figure 4: Experimental FFA conversion (blue points) and ﬁnal carotenes content (red squares) versus initial FFA content in 
crude palm oil 
Again, the catalyst resulted stable after 200 hours of work and satisfactory FFA conversions were 
always obtained (Galli et al., 2014). 
A second research I performed was aimed to use biodiesel as reagent to produce bioplasticizers. 
Among two different strategies proposed, concerning the concentration of double bond in the 
feedstock by distillation of the satured esters contained in biodiesel (strategy A) or the concentration 
of epoxide in the final product by distillation of the unreacted molecules (strategy B), I found in the 
biodiesel distillation, followed by the epoxidation reaction the best condition for maximizing the 
plasticizer yield, considered the reaction used for the epoxidation of biodiesel and the separation 
technique adopted, i.e. batch distillation. In particular the performances in terms of oxirane oxygen 
(OO) content of two commercial bioplasticizers and the ones prepared with the two strategies are 
reported in Table 2: 
Table 2: experimental oxirane oxygen content of two commercial plasticizer and the ones prepared starting from biodiesel 
Sample 
OO 
[gO/100g] 
NPPX® 4.96 
REFLEX-100 6.38 
Strategy A 
4.78 
(using hexane) 
Strategy B 3.14 
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The best commercial product is the one of Arkema, which is a leader company in chemicals. 
However, the bio-plasticizer prepared with Strategy A possesses an amount of epoxides similar to the 
one of NPPX and thus it is already a good product. Moreover the reduced number of satured 
compounds compared to NPPX makes it a higher grade plasticizer because phenomena like the 
diffusion of these latter compounds through the polymer matrix. 
Considered the reaction used for the epoxidation of biodiesel and the separation technique adopted, 
i.e. batch distillation, the Strategy A resulted the best for obtaining the highest OO bio plasticizer. 
Further improvements in the epoxidation reaction are necessary to reach a product comparable to the 
best bioplasticizer commercially available (REFLEX 100), but the results are very promising (Galli, 
et al., 2014). 
3. CONCLUSIONS 
Even if the biodiesel production process has been known for years, some innovations and contribution 
to the state of the art could be found from this work.  
The operative conditions used for both the deacidification and the transesterification are not yet 
standardized and optimized. In particular it was demonstrated that some works were operated in 
disadvantageous operative conditions, i.e. using a too high excess of methanol. Working in a 
monophasic system for both the deacidification (limiting the amount of methanol to a molar 
methanol:free fatty acid ratio of 5) and the transesterification (using a cosolvent) lead to very 
satisfactory results, obtaining an oil suitable to be transesterified and an heterogeneous 
transesterification process that gave yields comparable to the homogeneous catalyzed process. At the 
same time, it was demonstrated that at mild operative conditions, the high added value products 
contained in crude oils could be separated making the whole process economically sustainable. 
Finally, a possible improvement of biodiesel to valuable chemical was studied. In particular the 
synthesis of epoxidized biodiesel was firstly optimized and then performed on biodiesel and distilled 
biodiesel, obtaining with this latter substrate a product with an epoxide content comparable to a 
commercial product, giving positive suggestion for its application as bioplasticizer.  
  
 2 
Introduction 
The Energy Issue, a Global Problem 
Every natural and artificial process, either spontaneous or not, requires energy.  
Humans, due to their nature, changed the world using the most powerful tool at their 
disposal: their intelligence. 
Since AD 1800, the era of the industry has begun. With the efficient production of every 
kind of good, the life quality of the population (at least the Europeans at the beginnings) 
increased. However, the need for energy has continuously increased and the high consumption 
of fossil fuels (carbon, oil and natural gas) led to geo-economic and environmental changes. In 
the modern era, fossil oil is the principal source of energy together with natural gas. Their 
consumption is continuously increasing because of the increasing energy demand of both 
developed Countries and “Emerging Countries”, i.e. Brazil, China, India, Colombia and the 
South Arabian Countries. In Figure 1 and Figure 2 it is reported the World production of fossil 
fuel. 
Figure 4: World oil consumption 
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It is possible to observe that the global trend of consumption for both the energy sources 
is increasing. Focusing on the environmental problems, burning such high quantities of oil and 
natural gas leads to huge CO2 emissions. These have a great and catastrophic impact on 
vegetation (Krupa & Kickert, 1989), ocean (Haruko, et al., 2004) and agriculture (Alvaro, et 
al., 2013) because carbon dioxide influences the global temperature and the pH of both soil and 
water. For this reason different policies were adopted trying to reduce the CO2 emission and 
preserve di environment, from the Kyoto protocol, signed in 2005 to more recent oriented grants 
like the LIFE+ program, part of the European HORIZON 2020 strategic plan, aimed to develop 
action for the CO2 reduction to improve the quality of the environment. 
Among the strategies to reach this objective there are: 
 Optimization of the engines/processes: the process optimization and 
intensification is an important tool for saving energy and thus for reducing the 
CO2 emissions (Reay, 2008). 
 CO2 sequestration from either the atmosphere or a process stream: carbon dioxide 
could be captured and stored, avoiding its emission into the atmosphere (Abu-
Khadera, 2006). 
Figure 5: World natural gas consumption 
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 The development of technologies able to fixate carbon dioxide, by transforming 
it into chemicals, avoiding the use of “fresh” petroleum compounds (Aaron, et 
al., 2013). 
 The reduction of carbon dioxide emission using biofuels (Demirbas, 2009). 
This latter strategy is one of the most explored and cited. Using natural products, i.e. oils, 
lignin, sugars etc. it is possible to create fuels and chemicals whose emission are already 
compensated by the nature of the substrate they were made from. Several examples of biofuels 
and biochemical exist, and technologies are already applied. In the next section, a focus on the 
state of the art of the biofuels and the biochemical is presented. 
Biofuels and Biochemicals 
According to the Oxford Dictionary, a biofuel is “a fuel derived immediately from living 
matter”. This living matter is of course a vegetable, which is able to fix carbon dioxide into 
sugars, i.e. energy carriers, through the photosynthesis process. All over the World, industries 
and academy are giving more and more attention to biofuels, this is simply demonstrated by 
searching the keyword “biofuel” into the database SciFinder Scholar®, filtering the results year 
per year. The results of this research are reported in Figure 6: 
 
Figure 6: Number of scientific articles containing the keyword “biofuel” published per year 
From 2006 researchers have been focusing on biofuels and their impact on the 
environment. This statement does not mean that this field is already understood and the 
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technology is established because different biomasses are considered as feedstock and the 
biofuels changed as described hereinafter. 
Some of the most popular types of biofuels are (Demirbas, 2008): 
 Vegetable oil: these kinds of oil can be used either for cooking purpose or even as 
feedstock for fuel synthesis. The main fact that determines the usage of this oil is the 
quality. In most of the countries, vegetable oil is mainly used for the production of 
biodiesel. 
 Biogas: Biogas is produced by the anaerobic digestion of the organic materials, such as 
crop. In Lombardy (region in the northern part of Italy), for example, 216 biogas plants 
were operating in 2012 and the number was expected to increase by the 200% in 5 years 
(Adani, 2012). The residue or the by product of the digestion can be easily used as 
manure or fertilizers for agricultural use. The biogas produced is very rich in methane 
(from 60 to 80% by volume), which can be easily recovered through the use of 
separation techniques like the water absorption of CO2 (Pirola, et al., 2015). A less clean 
form of biogas is the one obtained in the fermentation of landfill waste. 
 Bio-alcohols: These are alcohols produced by the use if enzymes and micro organisms 
through the process of fermentation of starches and sugar. Ethanol is the most common 
type of bio-alcohol. Biobutanol is sometimes also referred to as a direct replacement of 
gasoline because it can be directly used in the various gasoline engines. 
 Syngas: it is a mixture of hydrogen and carbon oxide. By pyrolysis process biomass is 
converted to syngas and then into diesel through the Fischer Tropsch process. 
According to the sources of these biomasses, biofuels can be divided into different 
“generation”. In particular, first generation biofuels feedstock are the most developed. They are 
obtained from cultures that directly compete with the human alimentation. This kind of 
biomass, either edible or not, is cultivated and grown instead of cultivation dedicated to 
agriculture. This creates a competition between the need for energy and the need for food, 
leading to land consumption and social impacts, which can be related to an increase in the food 
prices (Rathmann, et al., 2011).  
The second generation biomasses are considered not in conflict with the agriculture since 
the feedstock used for their production is made of wastes, which have not any influence on the 
food market. Some examples of second generation feedstock are lignin, i.e. the residue of the 
paper industry, waste cooking oil, i.e. oil already used for alimentation purposes and ready to 
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be disposed, agricultural wastes, that can be gasified to produce green diesel and non edible 
plants that grow at a high rate, in water-poor environments and whose seeds like Jatropha. 
Even if this kind of feedstock solve the problem of the land consumption, they production 
rates are slow and most of all the processes used are the same of the first generation fuels, i.e. 
energy demanding and less sustainable compared to the ones that are now developing for the 
next generation biofuels. 
The third generation of biofuel in fact is characterized by the use of microorganism like 
bacteria (Akhtar & Jones, 2015), microalgae (Singh, et al., 2011) or enzymes (Klein-
Marcuschamer, et al., 2012), in order to have, in a bioreactor, the rapid synthesis of biofuel 
from wastes avoiding the use of high amount of energy. However, since this generation has 
been developed only in recent year, several LCA studies concluded that the energy conversion 
efficiency ratio obtained for microalgae is relatively lower than the one of first and second 
generation (terrestrial feedstock), which means that at the moment their production is less 
sustainable (Lam & Lee, 2012). 
The lack of technologies makes the third generation biomasses not appealing for 
industries, but second generation feedstock rapidly substituted first generation biomasses in the 
existing plants.  
Depending on their physical state, biofuels are divided into three main categories: solid, 
liquid and gas. Solid biofuels are simply waste that are burned to generate energy. Lignin is one 
of the examples. Currently, lignin is burned only in small part for heat integration because it is 
generally preferred to generate biochemical that possess high added value instead of simply 
produce heat. Liquid biofuels are biodiesel, green diesel and bio-alcohols. Biodiesel will be 
discussed throughout this thesis. For this reason, the Reader can see the next paragraph, 
Biodiesel, What and Why, in which a description of the state of the art of this biofuel is 
presented. Finally, gaseous biofuels are biogas and biosyngas. The first one is burned, while 
the second is either treated to obtain fuel (green diesel) or used to synthetize bio-methanol. 
Fossil oil is a valuable resource not only because it has been the only source of fuel for 
years, but also because from its fractions a huge number of chemicals can be obtained, from the 
building blocks for polymer synthesis, to the aromatic compounds, that are the molecules at the 
basis of the fine chemicals. The same trend, i.e. the migration to the fossil-based chemicals to 
the bio based one, has been observed in recent years, for the same reason: the production of 
environmentally sustainable chemicals, in order to reduce the carbon dioxide emission and 
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preserve the environment. There is a plenty of examples regarding the preparation of 
biochemical (Xu, et al., 2015) and it is out of the scope of this thesis a full description of every 
example. Here I report just two examples: the preparation of phenols from lignin (Pandey & 
Kim, 2011) and the preparation of plasticizer from vegetable oil (Goud, et al., 2006). 
For what concern lignin, instead of burning it, it is transformed into phenolic compounds 
by thermochemical methods, to give very important building blocks for polymers, or substrates 
for the synthesis of high added value molecules. The same concept is applied to oil, that are 
epoxidized to obtain secondary plasticizer for PVC. These molecules confer impressive 
properties to the polymer and have the great advantages that are non-toxic, differently from 
phthalates. 
The point is that there is a new trend both for the research and for industries: the shift 
from a fossil-oil oriented chemistry to a green oriented chemistry. 
Together with this very promising prospective, however, some criticism arose. Some 
researchers believe that biofuel and in general biochemistry is more harmful to the social and 
agricultural background (Giampietro & Mayumi, 2009). Less dramatic but enough strong is the 
consideration about the volume of fuel and commodity chemicals needed to the global market. 
Figure 1 reports the global annual oil consumption. In 2013 it was about 90,000 barrels per day, 
i.e. about 88 metric ton per day (considering an average density of the crude oil of 0.82 kgL-1). 
Now, considering that about 40% of the crude oil is simply burned as a fuel, about 35.2 metric 
tons of fuel (gasoline, diesel, naphtha and jet fuel) are needed per day. How much biomass 
should be necessary to satisfy completely the world need for fuel? The same question could be 
asked for what concern biochemical.  
My personal opinion to this issue is that biomasses difficulty will substitute crude oil, but 
in the near future the percentage of crude oil usage must decrease because of the environmental 
issue discussed more than the fossil-oil depleting. In any case a middle-long term research 
campaign is surely ongoing to go beyond the biofuels, but since that time, it is imperative to 
make a lot of effort in the biofuel study, optimizing the technologies and the yields to improve 
the quality, even if a little, of the world environment. Since a direct and immediate impact on 
the carbon dioxide emission is needed, the research should focus not only on the new generation 
biomasses, but also on the existing technologies, trying to improve them for making them 
competitive. The next paragraph will give all the details about one of the most used biofuel, 
biodiesel, the object of this thesis. 
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Biodiesel, What and Why 
Biodiesel is defined as “mono-alkyl esters of long chain fatty acids derived from 
vegetable oils or animals fats”. The root of the word Biodiesel comes from the inventor of the 
homonymous engine, Rudolf Diesel (Songstad, et al., 2009). In 1937, G. Chavanne published 
one of the first patent on the use of vegetable oil as fuels. This describes the transesterification 
of palm oils using ethanol (Chavanne, 1937). During World War II (1939 to 1945), when 
petroleum fuel supplies were interrupted, vegetable oil was used as fuel by several countries, 
including Brazil, Argentina, China, India, and Japan. However, when the war ended and 
petroleum supplies were again cheap and plentiful, vegetable oil fuel use dropped to zero until 
1970s, when the petroleum oil embargo caused many countries to look to vegetable oil as a 
possible fuel. 
The first biodiesel manufacturing plant opened in 1985 at an agricultural college in 
Austria. Since 1992, biodiesel has been manufactured across Europe, with Germany being the 
largest producer while in the United States biodiesel was first manufactured commercially in 
1991 in Kansas City, Missouri (Pahl, 2008). In Figure 7 the production of biodiesel is reported 
for different countries. 
 
Figure 7: Biodiesel production rates for different Countries 
Europe, since 2005, has been the main (almost the only) biodiesel producer, whereas from 
2006 the production if methyl esters increased in South and North America, especially in Brazil 
and USA and Canada respectively. The decrease in North American biodiesel production 
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(Figure 7, blue line) is likely due to changes in the Federal subsidies. Similarly, in Europe the 
production dropped from 183,142 to 170,923 barrels per day for the same reason. However, as 
stated before, biodiesel production is going to increase, hopefully favored by incentives. 
There are two main ways for producing biodiesel from either refined or waste oils: 
 Thermochemical conversion 
 Chemical conversion 
Among these two, the transesterification of oil (chemical conversion of triglycerides into 
methyl fatty esters) is the most commonly used and applied (Okoronkwo, et al., 2012), and it is 
the method that was studied during this thesis. In the following part of the paragraph, I will 
discuss the methodologies used for biodiesel production by transesterification. 
Generally, transesterification is a reaction in which an ester and an alcohol react to give 
the respective ester and alcohol with the alcoxy group switched. It is an equilibrium reaction. 
This is the reason why the reaction is typically performed in two steps: the first one to reach 
about 90-93% of fatty ester yields, the latter to complete the reaction (Çaylı & Küsefoğlu, 
2008). 
This reaction could be catalyzed by either strong acid or strong base. In this case, we talk 
about catalytic transesterification. Depending on the catalyst, the reaction mechanism changes, 
from the protonation of the ester, the nucleophilic attack of the alcohol and the alcohol (glycerol 
in this case) elimination in the first case, to the formation of al alcoxide, its nucleophilic attack 
to the ester and the elimination of the alcohol with the regeneration of the catalyst in the second 
case.  
  
Figure 8: Base (left) and acid (right) catalyzed transesterification mechanism 
 Catalytic transesterification may be performed using homogeneous, heterogeneous or 
enzymatic catalysis. The first one is the most common because it is the most economical. 
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Typically, basic catalysts are used because show higher reaction rates compared to the acid ones 
(Jain, et al., 2011). Moreover, they pose fewer corrosion problems. The most used catalysts are 
sodium methoxide or potassium hydroxide. 
 This process shows few drawback, the main one is that the free fatty acid contained in 
the oils, especially in waste cooking oils, could lead to the formation of soaps when put in 
contact with a homogeneous base. These soaps make difficult the separation between biodiesel 
and glycerol, usually generating emulsions. In order to overcome this aspect, a pre step based 
on the elimination of these free fatty acids is carried out. This pre step could be an elimination 
by washing with either water or a basic solution, a molecular distillation (Martins, et al., 2006), 
or a pre esterification of these free fatty acid to obtain biodiesel already at this preliminary step 
(Pirola, et al., 2014), as shown in Figure 9 
 
Figure 9: Reaction scheme of the free fatty acid esterification 
 Homogeneous acid catalyzed transesterification obviously does not show this problem. 
Usually, sulphuric acid or hydrochloric acid are used to catalyze this reaction. However, as 
already written, this process is unfavorable since high amount of alcohol is needed, the catalyst 
must be used at high concentration and great corrosion problem are to be accounted. The main 
advantage of this process is that acid oils (free fatty acid content higher than 5% by weight) 
could be treated directly (Zheng, et al., 2006). 
 Recently also the heterogeneous transesterification process has been studied and 
developed. Heterogeneous catalysts offer some advantages (Ertl, et al., 2008), they are 
noncorrosive, environmentally benign, recyclable, show fewer disposal problems (Tanabe & 
Holderich, 1999), are easily separated, show higher selectivity and longer catalyst lifetimes. 
The main catalyst used are supported alkali metal (Benjapornkulaphong, et al., 2009), zeolites 
(Suppes, et al., 2004), and hydrotalcites (Silva, et al., 2012) but calcium oxide (Kouzu, et al., 
2008) is the most common because it has both good physical properties and strong basic OH–  
Bröensted sites (Boey, et al., 2011). Even if compared with traditional homogeneous catalyst 
the heterogeneous process is unfavorable, all the advantages previously explained are of a great 
interest. Part of this thesis work is aimed to find the best operative condition at which good 
biodiesel yield (comparable or better than homogeneous process) could be obtained. 
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 Literature reports also the use of biological catalyst, i.e. enzymes, for the synthesis of 
biodiesel. Lipase-catalyzed transesterification is a green reaction and produce high purity grade 
glycerol even if high acid content oils are used (Fjerbaek, et al., 2008) but shows low reaction 
rate (Zhang, et al., 2003) and their cost is order of magnitude higher compared to the typical 
catalysts (Jaeger & Eggert, 2002). These are the two main limits to the use of enzymes in the 
industrial processes. 
 Together with the catalyzed transesterification some non-catalytic processes exists. The 
most important one is the supercritical transesterification. More in detail, operating at 
temperatures ranging from 200 to 400°C with pressures higher than 200 bar the alcohol 
(methanol or ethanol) reaches the supercritical conditions, giving some advantages like the 
higher miscibility and high reaction rates (Bunyakiat, et al., 2006). The presence of moisture 
generally is non-relevant to the reaction. However, the high-energy cost makes difficult the 
diffusion of this technology (Ganesan, et al., 2009). 
 The main advantages of this fuel are, among others, its biodegradability (Schleicher, et 
al., 2009), the net reduction in CO2 concentration in the atmosphere, due to the fact that the 
plant fixes carbon dioxide for growing (Yee, et al., 2009), low particulate emission, due to 
presence of oxygen atoms in the molecular structure (Szybist, et al., 2007) and a low Sulphur 
content (Knothe, et al., 2006), that results in a very low emission of SOx, a class of dangerous 
chemical for the atmosphere. 
 Biodiesel has never been used for the production of chemicals except rare cases because 
it was simply burned. However, since it derives from oil, a fraction that is dependent from the 
oil that originated it, is constituted by unsatured molecules, that can be functionalized to give 
high added value chemicals. 
 In any case, the high research, industrial and Governments interests towards biodiesel 
is still high and more developments are needed in the field.   
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Aim of the Work 
This thesis is inserted in the context above described.  
Studies on the entire biodiesel chain, from the pretreatment and valorization of the raw 
materials to the biodiesel production and its use as feedstock for the preparation of bio 
plasticizer were made. The objectives can be summarized as follows: 
1. Test and optimize the deacidification of oils in different reactors, studying the 
catalyst stability and developing a comprehensive kinetic model able to predict in 
the reaction performances in a wide range of conditions. In this part, attention was 
also devoted to the analysis of the stability of carotenes in crude palm oil. 
2. Develop and optimize the heterogeneous transesterification of oil in order to make 
more competitive the process compared the homogeneous one. In particular, we 
tried the use of co-solvents in order to make the system monophasic and thus 
increasing the concentration of methanol in contact with the oil. In this part, I also 
evaluated the possibility to produce biodiesel in fluidized gas phase reactor. 
3. Study the epoxidation of biodiesel to obtain bioplasticizer developing different 
strategies in order to enhance the epoxide yield and minimize the amount of 
satured esters to improve the product final performances. Together with the 
optimization of the synthesis, I studied the distillation of epoxy biodiesel to 
improve its characteristics.  
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Experimental 
Oil Pretreatment, deacidification of vegetable oils 
This part of the thesis is dedicated to the study of the deacidification pretreatment. This, 
as already explained in the Introduction section, is a reaction catalyzed by acids, either 
homogeneous or heterogeneous, aimed to convert the free fatty acids (FFAs) contained in the 
oil into biodiesel. This process is important because in the transesterification step, if the oil 
contains a too high amount of FFA, problems due to the soap generation could be generated. I 
studied both in batch and continuous reactor the deacidification of first and second generation 
oils, using a solid acid resin, Amberlyst 46®. This reaction is well known in literature, the first 
report comprising a strong acid ion-exchange resin SPC 108 for the esterification of 13% FFA 
in crude palm kernel oil dates back to the year 1985 (Marchal, et al.). 
However, the reaction conditions used are not yet standardized and optimized. This 
statement is confirmed by a brief search in the literature. For example, in the work of Son (2011) 
the esterification of oil was carried out using methanol between the 25-50 % based on volume, 
vaporizing the alcohol and feeding it into a tubular reactor. Kouzu (2011), used a volumetric 
methanol:oil ratio of 1:3, leaving the catalyst in contact with the alcohol for two hours before 
the reaction. These differences are found in a lot of papers. 
Considering that the methanol solubility into the oil is about the 7-9% by weigh depending 
on the temperature and the kind of oil, in all this experiments the researchers dealt with a two 
liquid phase system. This feature gives some problems: first of all, the second alcoholic phase 
extracts part of the FFA dissolved in the oil, this is a great drawback because the biodiesel yield 
is decreased and the rest of the alcohol needs to be purified. Secondly, great diffusional 
problems result when a heterogeneous catalyst is used. For all of these reasons I performed the 
deacidification of vegetable oils working in a monophasic liquid mixture, showing that a 
quantity of methanol of five times the moles of FFA is enough to reach satisfactory oil acidity.  
The operating parameters (temperature and methanol amount) were varied in order to 
develop a kinetic model able to fit the experimental data obtained. This part of the work was 
made collaborating with the Politecnico di Milano, in particular with Prof. Flavio Manenti and 
Dott. Michele Corbetta. We modeled the deacidification using two rival models: the pseudo 
homogeneous model, which considers the catalyst in the same phase of the reactant and an 
adsorption-based model, which accounts the reactants and products adsorption on the resin by 
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means of an equilibrium constant. Moreover we considered either the liquid phase ideal, i.e. 
used the molar fraction of the components in the differential equation, or the liquid non-ideality, 
using the UNIQUAC (Abrams & Prausnitz, 1975) model to calculate the activity coefficients 
of the components. 
Considering also the deacidification of second generation oils, I experimented the crude 
palm oil deacidification. This oil contains minor components, about the 1% by weight, 
including carotenoids, tocopherols, sterols, triterpene alcohols, phospholipids, glycolipids and 
terpenic and paraffinic hydrocarbons (Goh, et al., 1985) that are of great interest because of 
their commercial prize. It is important indeed to try not to destroy or decompose these molecules 
in the deacidification step. Two main strategies for their recovery (with particular attention to 
carotenes) are available: the molecular distillation of crude palm oil, made after the 
transesterification (Ooi, et al., 1994) or their supercritical extraction (Davarnejad, et al., 2008). 
Both these techniques show the drawback of the intense energy required, the first for the heating 
and the vacuum, the second for the compressor. I found preliminary but encouraging results 
about the carotene adsorption on the Amberlyst 46 surface, which could lead to a selective 
extraction of these molecules in the same reactor in which deacidification takes place. 
Hereinafter I will describe all the analytical methods, the materials used and the protocols 
followed.  
Materials 
In this section all the materials (reagents and catalyst used for the deacidification studies) 
will be described. 
I studied the preparation of fatty acid methyl esters, thus the alcohol used both for the 
deacidification and transesterification step was methanol. It was purchased from Sigma Aldrich 
(>99.8%, anhydrous) and the water content of this reagent was constantly checked. When the 
water contained exceeded 600 ppm we used molecular sieves to reduce it. 
As already said, different vegetable oils were used to study the deacidification to study a 
possible influence of the acidic composition of the oil on the catalyst and reaction performance. 
In particular four kind of oils were used: soybean oil, available in the lab because of a previous 
collaboration with Agri 2000 srl, sunflower oil, purchased in a local market and crude palm oil, 
that was available in the lab due a previous collaboration and waste cooking oil, supplied by a 
local restaurant. These feedstock belong either to first or second generation biomasses and are 
characterized by different FFA amount. 
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To study the deacidification of oil of very high FFA content, palmitic acid (>99%, Sigma 
Aldrich product) and oleic acid (>93%, Sigma Aldrich product) was used to modify and 
increase the initial acidity. I used a mixture of these acid trying to maintain the average FFA 
molecular weight similar to the one of the oil as it is. 
The catalyst used for the heterogeneous deacidification of the oils is a Dow® product, 
Amberlyst 46. It is a macro porous ion exchange resin functionalized with strong acid groups. 
The matrix is a copolymer of styrene-divinylbenzene with a high degree of cross linking, and 
it is characterized by the presence of active sites only at the surface. This particular feature of 
the catalyst permits to avoid the side reaction inside the catalyst pores. Moreover, since the oil 
molecule are particularly sterically hindered, having the active sites on the surface is 
advantageous. The catalyst main feature (manufacturer data) are reported in Table 3 (The Dow 
Chemical Company): 
Table 3: Amberlyst 46 main features, manufacturer data 
Polymer Matrix  Macroporous cross-linked polystyrene 
Physical Form - Opaque, spherical beads 
Ionic form 
- H+ 
(as shipped) 
Shipping weight (gL-1) 600 
Acid Sites (meqg-1) 0.8 – 1.3 
Water content (%) 26 - 36 
Fines Content 
(%) < 1 
(<0.425 mm) 
Surface Area (m2g-1) > 75 
Average Pore Size (Å) 235 
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Analytical Methods 
FFAs content determination, colorimetric titration 
To determine the percentage of FFA either referred to volume or to the weight 
contended in the oils colorimetric titrations were used. If not specified directly in the text, all 
the titrations were carried out using potassium hydroxide in ethanol solution 0.1 N (Fluka 
product, solution denatured with toluene). A weighted amount of oil (usually about 2 g) was 
diluted with about 5 mL of isopropanol (99.5%, Sigma Aldrich product, anhydrous) to make it 
act as cosolvent between oil and methanol and facilitate the titration. Phenolphthalein (2% 
solution in ethanol, Fluka product) was used as indicator. The weight percentage of FFA 
was calculated using Equation 1: 
%𝑤,𝐹𝐹𝐴 =
𝑉∗𝑁∗𝑀𝑊̅̅ ̅̅ ̅̅
𝑊
∗ 100        Equation 1 
In which V is the volume of KOH solution used, N the normality of the titrating solution 
(0.1, equimolar reaction), MW̅̅ ̅̅ ̅ the average molecular weight of the acids in the oil, calculated 
from a weighted average of the fatty acid ester composition of the oil, obtained by gas-
chromatographic analysis (see Analytical Methods of the second part of the Experimental 
section) of the oil after the homogeneous transesterification with methanol performed for 24 
hours. Finally, W is the weight of the sample in mg. 
Moreover, the amount of FFA was used to calculate the reaction conversion, simply 
comparing the amount of FFA at time t (or at a certain reactor length in the case of the 
continuous reactor) to the one of time zero, following Equation2: 
%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝐹𝐹𝐴 =
𝐹𝐹𝐴𝑡=0−𝐹𝐹𝐴𝑡=𝑡
𝐹𝐹𝐴𝑡=0
∗ 100     Equation 2 
Also the acidity of the heterogeneous catalyst (whose properties are described in the next 
section of this part of the Experimental) was determined by titration. In this case, since the resin 
is a polymeric material which shows at its surface SO3H acid groups the procedure of the total 
ion exchange: in particular a weighted amount of resin (about 10 g) was put in 50 mL of a 
satured NaCl solution overnight under agitation, in order to let the sodium cation fully exchange 
with the acid protons of the resins. After this procedure, a precise volume of solution is titrated 
using KOH and phenolphthalein as indicator and the results are expressed ad meq of H+ per 
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gram of resin. In all cases, the acidity value obtained from the analysis of the resin, either in its 
dry or wet form, confirmed the declared value of the supplier. 
Water amount determination, Karl Fischer analysis 
Karl Fischer analysis permits to detect the amount of water (to the ppm level) in an 
organic solution. The amount of water is essential since the esterification reaction is an 
equilibrium (see Figure 6) and even traces of water can shift towards FFA the reaction. 
Moreover, as explained in the next part of the thesis, Amberlyst 46 resin activity, like all the 
sulphonic type rensins, is very influenced by the presence of water, that strongly adsorb on its 
surface. This is why the measurement of the water concentration is important.  
To perform this analysis we used an Amel titrator (model 231, dead stop titrator) and 
HYDRANAL solvent. The automatic titration was simply activated by pressing the “start” 
button after the calibration of the instrument, made titrating a solution of known concentration 
of sodium tartrate dihydrate. 
Carotenes analysis 
 I determined the carotenes content during the deacidification of crude palm oil, see 
Crude Palm Oil Esterification: Preservation of the Carotenes Content section at the end 
of this paragraph, using an T60 (PG LTD) UV-vis spectrophotometer. Carotenes absorbs with 
a high extinction molar coefficient in the visible light (maximum absorption at 443 nm) of about 
130000 (Biheler, et al., 2010). In order to have a value of absorbance below 2 and greater than 
0.2 in all the samples (range in between the instrument response is linear) a dilution of 1:70 v/v 
with n-hexane was necessary.  
 In order to evaluate the amount of carotenes adsorbed onto the catalyst surface, a solid-
liquid extraction was performed using a Soxhlet extractor and n-hexane as solvent. All the 
extractions lasted overnight to ensure the total yield.  
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Batch Reactor 
With the generic name “Batch Reactor”, it is intended a tank in which reactants are 
charged, let react for a certain time and then discharged after a certain time. This procedure is 
intrinsically time dependent and is the conceptual difference between the continuous reactors, 
which at the stationary conditions temperature, concentrations and pressure are stable. The 
reactions in batch reactor were carried out in a three way flask equipped with a reflux condenser 
and a thermometer. A mechanical stirrer was used to ensure a good mixing. The reactor was 
heated by a thermostatic bath. Generally the protocol followed for each experiment was: 
Oil charge and thermostat bath turned on at the desired temperature 
Initial FFA content measurement and eventually acidity correction by the addiction of 
either oleic acid or palmitic acid 
1. Addiction of methanol 
2. Stirrer turned on and after 5 min addiction of the catalyst, which corresponded to 
time zero. 
3. The procedure to withdrawn a sample was simple:  
4. stop the agitation 
5. wait for 30 seconds  
withdrawn an amount of about 1-2 mL of reactant mixture. When there was the presence 
of two phases, the oil phase was sampled. 
A picture of the batch reactor is reported in Figure 10: 
 
Figure 10: Picture of the batch reactor used 
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The operative temperature was varied between 35 and 60°C, in order to not reach the limit 
imposed by the boiling temperature of methanol, i.e. 64°C. This because the reactor is open 
(pressure of 1 bar) and thus working at higher temperature is useless. Moreover studies on the 
influence of the second phase formation were carried out, changing the molar ratio methanol: 
FAA from 2 to 135. 
Continuous Reactor 
In this kind of reactor, reactants are continuously fed in the system and products 
continuously withdrawn. The reactants mixture flows through the catalyst bed, which is fixed. 
In this way, of the catalyst is saved from the mechanical stress of the stirrer and its life is 
prolonged. In Figure 11 is reported the scheme and the picture of the Packed Bed Reactor: 
 
Figure 11: Scheme (left) and picture (right) of the continuous packed bed reactor 
The reactor is a cylinder 203 mm long with a diameter of 43 mm. it is made of stainless 
steel. The catalyst in its wet form is placed 40 mm from the bottom for a volume of 60 cc, and 
it is packed using glass sphere and glass wool. In this way the catalytic bed results placed 20 
mm from the bottom of the reactor. The reactants are charged into a feeding chamber (steel, 
volume of 1.8 L) and via pressurized air they are fluxed through the reactor (from the bottom 
to the top to be sure that the catalyst bed is in contact in all the parts with the reagents). In this 
way the pressure inside the reactor was controlled and kept at a value of 5 bar. The reagents are 
pre-heated and then enter the reactor, which is heated by an external jacket controlled by a 
thermocouple placed in the middle of the catalytic bed. From the two valves (50 mm from the 
bottom and 90 mm from the bottom) and the top of the reactor samples of oil were withdrawn 
to be analyzed. Different deacidification runs were performed, varying the temperature between 
54 and 105 °C using different kind of oils. I decided to work with a fixed amount of methanol 
(5 times the FFA on molar basis) to have a monophasic liquid system, avoiding the problem to 
have part of the catalytic bed surrounded by the methanol-rich phase.  
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Kinetic Parameter Regression 
The kinetic modeling is an essential part of the experimental work. It is the description of 
an event by equations, whose parameters are regressed by experimental data. The main 
advantage of the model based simulation is that a great number of experiments can be saved, 
thus saving costs and energies. This is true if the parameters that describe the reaction studied 
are well determined. 
For the esterification reaction of FFA I collaborated with the group of Prof. Manenti, from 
the Chemical Engineering Department of Politecnico di Milano. The kinetic parameters 
regression on experimental data was performed by means of the set of very robust optimizers 
belonging to the BzzMath Library. This software works in object-oriented programming with 
Turbo C++, allowing a significant improvement of numerical methods and easiness of 
implementation. (Buzzi-Ferraris & Manenti, 2012).  
The FFA esterification kinetic modeling has already been performed by some authors, for 
example Tesser et al. (2005). The main issue in this work is that the parameters were obtained 
considering experimental data gathered with the catalyst swelled in methanol, which is not 
representative of a typical esterification run because, as shown in the Results and Discussion 
section, the performances of the resin decrease in the first 3-4 runs and then become stable, due 
to the water adsorption on its surface. This means that using methanol to increase the reaction 
rate leads to wrong kinetic parameters that overestimate the reaction rates. For this reason, we 
used data obtained only with equilibrated resin, i.e. after a reaction time of the catalyst of about 
24 h.  
For what concern the models, two different kinetic models were considered and 
compared, a pseudo-homogeneous and an adsorption based one, following a research paper by 
Popken et al. (2000). The first model, the pseudo-homogeneous one, is simpler because its 
assumption is that the heterogeneous reaction is assimilated to be a homogeneous one, i.e. 
considering the catalyst homogeneous. In this model, the reaction rate is proportional to the 
bulk concentration of the components. In Equation 3 the expression of the reaction rate for the 
FFA esterification is reported: 
𝑟𝑃𝑆𝐸𝑈𝐷𝑂 =
𝑑𝜉
𝑑𝑡
∗ 𝐶𝐹𝐹𝐴
0 = 𝑘1
0 ∗ 𝑎𝐹𝐹𝐴 ∗ 𝑎𝑀𝑒𝑂𝐻 − 𝑘−1
0 ∗ 𝑎𝐹𝐴𝑀𝐸 ∗ 𝑎𝐻2𝑂   Equation 3 
in which ξ represents the conversion of FFA, 𝐶𝐹𝐹𝐴
0  the initial FFA concentration, 𝑘𝑖
0 the 
kinetic constant of either the direct or inverse reaction and 𝑎𝑖 the activity of the component i. 
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The second model, the adsorption based one, considers the actual concentration of the 
reactants on the resin surface by means of an equilibrium constant. In Equation 4 the expression 
of the reaction rate according to the adsorption model is reported: 
𝑟𝐴𝐷𝑆 =
𝑑𝜉
𝑑𝑡
∗ 𝐶𝐹𝐹𝐴
0 =
𝑘1
0∗𝑎𝐹𝐹𝐴
′ ∗𝑎𝑀𝑒𝑂𝐻
′ −𝑘−1
0 ∗𝑎𝐹𝐴𝑀𝐸
′ ∗𝑎𝐻2𝑂
′
(𝑎𝐹𝐹𝐴
′ +𝑎𝑀𝑒𝑂𝐻
′ +𝑎𝐹𝐴𝑀𝐸
′ +𝑎𝐻2𝑂
′ )
2    Equation 4 
in which 𝑎𝑖
′ are the activities of the components calculated as reported in Equation 5: 
𝑎𝑖
′ =
𝐾𝑖∗𝑎𝑖
𝑀𝑊𝑖
         Equation 5 
in which 𝑀𝑊𝑖 is the molecular weight of the component i and 𝐾𝑖 the adsorption affinity 
constant od the component i, reported in Table 4: 
Table 4: binary adsorption affinities Ki 
Component 
(i) 
Binary Adsorption Affinity (Ki) 
Water 5.24 
Methanol 5.64 
FFA 1.61 
FAME 1.61 
This equation is derived (Song, et al., 1998) from the Langmuir–Hinshelwood–Hougen–
Watson (LHHW) model by considering instead of a constant number of moles adsorbed onto 
the resin a constant mass. Popken (2000) studied the adsorption on Amberlyst 15 of water, 
methanol, ethyl acetate, and acetic acid. Considering that the polymeric substrate of Amberlyst 
46 is the same of Amberlyst 15, the constant of water and ethanol can be used. As suggested in 
a work by Rehfinger and Hoffmann (1990), the adsorption constant of methyl oleate (FAME) 
and oleic acid (FFA) could be calculated from the one of methanol divided by a factor of 3.5.  
For both the models the temperature dependence of the kinetic constants was considered 
adopting the Arrhenius model.  
Another important feature of this kinetic model approach is the thermodynamic model 
chosen. We compared the IDEAL model, in which the activity coefficients are equal to 1 and 
the UNIQUAC (Abrams & Prausnitz, 1975) model in order to account for the non-ideality of 
the mixture. The system studied is in fact highly non ideal indeed it forms two liquid phases. 
UNIQUAC binary interaction parameters 𝜏𝑖𝑗 were calculated following Equation 6: 
𝜏𝑖𝑗 = 𝑒𝑥𝑝 (
𝑏𝑖𝑗
𝑇
)         Equation 6 
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where the binary b ij parameters were taken from the AspenPlusTM database and reported 
in Table 5: 
Table 5: UNIQUAC binary interaction parameters from the AspenPlus databasea 
a: taken from (Pirola, et al., 2014) 
The regression of the kinetic parameters were made by minimizing the sum of the squared 
errors (SSE) using the robust method of the BzzMath Library, able to detect outliers (Buzzi-
Ferraris & Manenti, 2010). 
Crude Palm Oil Esterification: Preservation of the Carotenes Content 
As previously written in the Introduction section, oils can contain, together with 
triglycerides, molecules of high added value that, if properly extracted, can be sold and sustain 
economically the whole production process. In detail, I used crude palm oil during my research. 
The adjective crude stand for not refined. It is an high viscous oil, with a characteristic red 
color. This is due to the carotenes and tocopherols conteined in the oil. In particular they are 
present in crude palm oil ranging from 500-1000 ppm and 500-2000 respectively (Gibon, et al., 
2007). About the 90% of the carotenes are constituted by α- and β-Carotene. 
β-Carotene is the precursor of Vitamin A in humans and studies demonstrated its efficacy 
against some types of cancer, promoting the immune system (Verwaal, et al., 2007). For this 
reason this molecule is a food additive, and more than the 85% of the available β-carotene is 
synthetized chemically. A process able to maintain the carotenes content and eventually 
separate them from the crude palm oil while it is processed for the biodiesel production is 
essential. The current methods used for the carotenes extraction are based either on the 
supercritical solvent-extraction, but are time consuming and need a large use of solvent and 
expensive (Davarnejad, et al., 2008). Another possibility is represented by molecular 
distillation, but this unit operation is characterized by high implant costs (Ooi, et al., 1994). 
In my research, I conducted some tests to assess the carotenes stability at the operative 
condition used for the esterification. Moreover, I noted that Amberlyst 46 were able to adsorb 
preferentially carotenes on their surface.  
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The deacidification reaction were run in the batch reactor, charging about 200 g of crude 
palm oil per experiment. Thirty-one experiments were run changing the FFA content of the 
palm oil, adding palmitic acid before the start of the reaction to understand if the acid contained 
in the oil could degrade carotenes. The carotenes content was measured every two hours by 
monitoring the value of absorbance at 443 nm diluting each sample 1:70 v/v in n-hexane (99%, 
Sigma Aldrich product). The catalyst used the first run was never discharged and reused every 
successive experiment. At the end it was characterized using an optic microscope. Each 
experiment duration was 6 h. 
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Biodiesel Production, heterogeneous transesterification of vegetable 
oils 
This second part of the thesis is dedicated to the study of the heterogeneous 
transesterification of oils. This is the core of the biodiesel synthesis process. As explained in 
the Introduction section, the oil with a reduced amount of FFA undergoes the transesterification 
reaction typically catalyzed y a homogeneous base, in particular either sodium hydroxide or 
potassium hydroxide. The advantages of using such catalysts are well known and evident: first 
of all and most important of all their cost. These catalyst are cheap compared to any other, 
especially compared with enzymes. Another important aspects is that these two are both very 
strong basis and are able to speed up the transesterification reaction more than other catalysts. 
However, these homogeneous catalysts possess some disadvantages. Firstly, they are not 
reusable: in a typical biodiesel production plant a specific and dedicated unit operation should 
be designed and operated only for the final product neutralization, made usually by water 
washing. This generates costs that in a heterogeneous process wouldn’t exist. Secondly the 
homogeneous catalyst are more aggressive towards the plant, generating corrosion problems. 
The use of heterogeneous catalysis is the answer. They offer high basicity and surface 
areas and are easily separated being solids. However, these are not applied because even if they 
offer great advantages (see Introduction section), the reaction rates obtained are in every case 
slower compared to homogeneous catalysts. 
This is reasonable, since a catalyst in the same phase of the reagents do not give problems 
like the diffusion of products and reactants. In any case the efforts are still strong. In my thesis 
I studied the transesterification of oil using CaO, which is a well-known heterogeneous catalyst 
for the transesterification reaction and, instead of trying to develop a modified catalyst able to 
increase the biodiesel yield of few percentage, I tried to reduce the causes that makes the 
heterogeneous reaction slower, in particular the double phase between oil and methanol. 
Similarly to the FFA esterification, the presence of two liquid phases hinders, due to diffusional 
problems, the reaction. With a three phase system (solid-liquid-liquid) the problem is one order 
of magnitude higher.  
After a brief survey on the heterogeneous catalysts that could be used, I dedicated my 
time to search a solvent able with which the heterogeneous reaction is faster like the 
homogenous one, with great results. In the following part of this section I described the 
materials and the reactor used for the study of the transesterification reaction. 
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Analytical Methods 
Biodiesel acidic composition, Gas-chromatographic analysis 
To determine the amount of each methyl ester produced a gas-chromatographic analysis 
was used, following the EN 14103 (2011). We used a Hawlett-Packard HP 5890 GC-FID, 
equipped with a capillary column Supelco Omegawax 320 (length 30 m, internal diameter 0.32 
mm, film thickness 0.25 µm). Helium was used as carrier, while the other operative condition 
are reported in Table 6: 
Table 6: Setting parameters for the GC analysis 
Carrier Pressure 25 psi 
Split ratio 1:100 
Oven temperature 200°C, isotherm 
Injector temperature 280°C 
Detector temperature 280°C 
Injection volume 1 µL 
Internal standard 
Iso-octane (>99%, Sigma Aldrich 
product) 
Internal standard concentration 1.67 % w/w 
The BD yield, expressed as a mass fraction of FAME, was calculated according to 
Equation 7: 
𝐶𝐵𝐷 =
∑𝐴−𝐴𝐶19
𝐴𝐶19
𝐶𝐶19𝑉𝐶19
𝑚
        Equation 7 
where A is the total peak area of the FAME, AC19 is the peak area corresponding to methyl 
nonadecanoate; CC19 is the concentration (mg mL
-1), of the methyl nonadecanoate solution used 
as as standard; VC19 is the volume (mL) of the methyl nonadecanoate solution; m is the mass, 
in mg, of the sample. 
Catalysts preparation and characterizations 
As previously briefly described, a study on the performances of a set of catalyst was 
conducted. In particular, together with the homogeneous catalysts sodium hydroxide and 
potassium hydroxide, calcium oxide (bulk and supported over Al2O3) and catalyst on which 
both calcium oxide and strontium oxide were supported with different percentage on Al2O3. 
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Hereinafter I describe briefly the preparation of each catalyst: 
 Calcium oxide bulk (CaO): CaO is widely available in nature in the form of 
limestone and it is a low cost catalyst. According to Iizuka et al. (1971), who 
studied the basicity of CaO by IR spectroscopy, the strength of the oxide anion 
species on CaO is strong, following this order MgO < CaO < SrO < BaO, while 
the number of sites per weight follows this order: BaO < SrO < MgO < CaO. We 
purchased CaO from Fluka (99%) and kept it in oven at 120°C to avoid 
contamination of water. 
 Calcium oxide supported on alumina (CaO/Al2O3): a catalyst with low surface 
area, like CaO, is typically supported on a high surface inert oxide, in order to 
have a final catalyst with a great specific surface area. This is the reason why I 
prepared CaO/Al2O3, using the wet impregnation method reported by Zabeti et al. 
(2009), and using calcium acetate (>99%, Sigma Aldrich product) as precursor 
for CaO. 10 g of γ-Alumina, previously left overnight at 600°C in an oven and 10 
g of calcium carbonate were put in 50 mL of distilled water for 4 hours at room 
temperature. After, the powder was filtrated and dried at 120°C overnight. Finally 
the catalyst was calcined at 718 °C for 5 h. 
 Mixed supported calcium oxide and strontium oxide over alumina 
(CaO+SrO/Al2O3): the synthesis of this catalyst is similar to the one previously 
described, i.e. the method of the wet impregnation was used. As precursor of SrO 
strontium carbonate was used. Three different catalyst were prepared using 
different mass ratio between the two precursors. The amount used are summarized 
in Table 7: 
Table 7: Quantities of precursors used for the mixed CaO SrO supported catalysts synthesis 
 CaO75SrO25 CaO50SrO50 CaO25SrO75 
(CH3COO)2Ca 
3.0167 4.021 3.0161 
[g] 
SrCO3 
1.0084 4.0215 1.0052 
[g] 
The catalysts prepared were characterized using different techniques. 
The specific surface area was obtained by adsorption of nitrogen at the temperature of 
liquid nitrogen, using a typical BET apparatus, while the analysis of the surface atomic 
composition was performed using a XPS, analysis that is able to give the atomic percentage in 
the first atomic layers. The spot size of investigation for survey analyses is 200x750 μm, and 
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pass energy of 1 eV/pt, while high resolution analyses were performed on a spot size of 200500 
μm and pass energy 0.03 eV/pt. The internal reference used for the peak shift correction was 
the 1s energy level of contaminant carbon, at 284.6 eV. The curve fittings were performed by 
using Gaussian’s peaks and Shirley’s baseline. The output of this analysis was essential to 
understand if the synthesis of the mixed oxide was properly made, or if on the supported catalyst 
the active species (CaO) was actually exposed at the surface. 
Batch Reactor 
All the experiments were performed in a 250 mL flask, equipped with a mechanical 
stirrer. The reactions were performed if not specified at 60°C. Samplings were made by turning 
off the agitation and, after waiting for 30 seconds, the oil phase was withdrawn. Before the gas 
chromatographic analysis the sample was subjected to waster washing if homogeneous catalyst 
was used or to a centrifugation if heterogeneous catalyst was used. After, it was put under 
vacuum to eliminate the excess of methanol. 
Bioplasticizer, green chemicals of high added value 
A plasticizer improves the plasticity of plastics, paints and adhesives (Wypych, 2004). It 
is added to the polymeric matrix in different quantities and take the general name external 
additives. The external plasticizer can be divided into two main categories: 1) Primary, which 
are added up to the 30 %vol and 2) Secondary, which reduce the polymer rigidity but have got 
poorer performances. These are used in smaller quantities.  
With particular reference to polyvinylchloride (PVC), which is one of the most produced 
and used polymer, the phthalate family is the most important class of primary plasticizer. These 
are esters of phthalic acid and a primary alcohol, for example octil alcohol. Unfortunately, due 
to recent research, UE forbade their use because phthalates have effect on human health, in 
particular they can induce prostate cancer (Lee, et al., 2014). Due to this, alternatives to 
phthalates were developed, some of them synthetized from biomasses. Among these the most 
economically and sustainable chemical products are epoxidized vegetable oils (EVO), (Park, et 
al., 2004). These are easily biodegraded and possess good plastic properties. Moreover they 
possess low diffusion coefficient in the polymer, low volatility and a good lubricant power. The 
main drawback of these materials is their low solubility in the polymeric matrix, hence they are 
used mainly as secondary plasticizers (Goud, et al., 2006).  
To improve the product disadvantages, new bio-plasticizer should be developed. An 
alternative that seems valid is represented by epoxidized biodiesel. Due to the lower molecular 
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weight, epoxidized biodiesel is more soluble in PVC and it also could be used as precursor for 
bio-lubricants. The epoxide group (an oxygen bridge between two consecutive carbons) is of 
course obtained only from unsatured molecules. Dealing with biodiesel, only methyl oleate, 
linoleate and linolate can react to give epoxide. 
This creates an issue. 
The satured methyl esters have less affinity towards the polymeric matrix and thus tend 
to migrate at the PVC surface giving transudation problems. For this reason in my thesis work 
I studied the in situ epoxidation reaction with hydrogen peroxide catalyzed by sulphuric acid 
and, after a brief investigation on the optimization of the reaction conditions, two different 
strategies for preparing low satured molecules content epoxybiodiesel.  
The first one (Strategy A) consisted in the satured methyl esters distillation and then in 
the epoxidation of the residue, rich in unsaturation. The second strategy (B) consisted in the 
epoxidation of biodiesel as it is and then in the complete distillation od the unreacted 
compounds. The product obtained using both the strategies were compared in order to choose 
the best way to produce an epoxidized biodiesel with the highest oxyrane content possible. 
Materials 
All the reagents for the synthesis and the analytical part were purchased from Sigma 
Aldrich and were used without further purifications. The epoxidation reaction was studied using 
soybean biodiesel as substrate, supplied by Oil.B srl.  
For the epoxidation reaction the following reagents were used: glacial acetic acid, 
hydrogen peroxide (30% v/v), sulphuric acid (96-98%), sodium bicarbonate and n-hexane.  
For the analysis it was used crystal violet (1% solution in acetic acid) as the indicator for 
the oxirane oxygen content, HBr solution (33%w solution in acetic acid) and methyl octanoate 
(>99%), used as internal standard for the GC analysis alredy reported in the Biodiesel 
Production, heterogeneous transesterification of vegetable oils-Analystical methods section. 
Analytical Methods 
Determination of the unsaturation contend, iodine number 
In order to have a measure of the insaturation content and be able to calculate th double 
bond conversion the iodine number was measured. The method consists in the retro titration of 
the iodine that is left after the complete reaction with all the double bond present with 
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tiosulphate. Practically a weighted amount of biodiesel, about 0.2 g, is put in a flask with 10 
mL of cyclohexane, 10 mL of acetic acid and exactly 25 mL of Wijs reagent. The solution is 
left in dark condition for 2 hours. Than 20 mL of a KI solution (100 gL-1) is added, together 
with 150 mL of distilled water. The titrant is a solution of sodium tiosulphate 1 M. the iodine 
number is then expressed as grams of iodine per 100 grams of substrate and it calculated using 
the formula reported in Equation 8: 
𝐼𝑁 =
25.48∗𝑀∗(𝑉1−𝑉𝑏)
𝑚
∗ 100       Equation 8 
In which 25.48 is the molecular weight of iodine already corrected by a factor that 
consider the change in the unit of measure, M the title of the tiosulphate solution, 𝑉1 the volume 
of titrant used, 𝑉𝑏 the volume of titrant used in the blank titration and m the mass of sample. As 
previously stated, the iodine number measurements were used to calculate the double bond 
conversion, simply subtracting the initial IN value to the one obtained at a certain time and 
dividing the results for the IN value at time zero.  
Determination of the epoxide contend, oxirane oxygen number 
The quantity of epoxide in a certain amount of substrate is given by the oxirane oxygen 
content (OO). Its value is expressed as grams of oxygen (oxiranic) per 100 g of sample. The 
most used method for the OO calculation for epoxides of fatty acids is the addiction of an alyde 
HX to the epoxide ring, i.e. an hydroalogenation. Dubertaky (1956) reported a direct method 
for the OO determination. The titrant is a solution of bromidic acid in acetic acid while the 
indictaor is a solution of crystal violet in acetic acid. This method is reported in a large number 
of publications as AOCS Method Cd 9-57.The sample is dissolved in a non acqueous, water-
free solvent, i.e. toluene or glacial acetic acid. One drop of indicator is added and the titration 
should be made under vigorous stirring. The experimental OO obtained (OOexp) is than used 
together with the theoretical one (OOthe) calculated considering the IN to have the reaction 
selectivity. More in detail, Equation 9 shows the formula used for the calculation of OOthe: 
𝑂𝑂𝑡ℎ𝑒 = {
[(𝐼𝑁0−𝐼𝑁𝑡)/𝑃𝑀𝐼2]
100+[(𝐼𝑁0−𝐼𝑁𝑡)/𝑃𝑀𝐼2]∗𝑃𝐴0
} ∗ 𝑃𝐴0 ∗ 100    Equation 9 
In which 𝐼𝑁0 is the initial iodine number, 𝐼𝑁𝑡 is the iodine number at time t and 𝑃𝑀𝐼2and 
𝑃𝑀𝑂the molecular weight of iodine and oxygen respectively. The reaction selectivity is then 
calculated as shown in Equation 10: 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑂𝑂𝑒𝑥𝑝
𝑂𝑂𝑡ℎ𝑒
∗ 100       Equation 10  
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Batch Reactor 
The epoxidation reaction, either on biodiesel or on distilled biodiesel, was carried out in 
a 1 L flask, thermostaded and agitated by a mechanical stirrer. The scheme of the reactor is 
reported in Figure 12: 
 
Figure 12: Epoxidation batch reactor scheme 
In the reactor the substrate to be epoxidized is charged together with acetic acid in 
different proportions, depending on the reaction conditions. In a funnel the hydrogen peroxide 
and the sulphuric acid and the mixture was added dropwise at 40°C in 15-20 minutes to the 
flask under strong agitation. The temperature was controlled and kept at 40°C because the 
generation of acetic peroxide evolves heat. At the end of the addition (time zero), the 
temperature is raised to the desired value. 
The molecule that effectively epoxidases the double bonds is peracetic acids, which forms 
after the reaction between acetic acid and hydrogen peroxide catalyzed by sulphuric acid. This 
is the rate determining step since the epoxide formation is a very fast reaction. The epoxides 
are very reactive and thus in the presence of acids or esters can condensate and generate by-
product, decreasing the reaction selectivity. 
At the end of the reaction (typically 6 hours of reaction) the acid is neutralized together 
with the hydrogen peroxide abated using sodium bicarbonate solution. The two liquid phases 
are separated and the organic phase is washed several times with 10 mL of deionized water, 
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until neutral pH is reached. The product is then dehydrated using sodium sulphate, filtrate and 
finally put under vacuum. 
Samples were withdrawn every hour. The work-up is the same above described. 
Distillation apparatus 
The distillation of soybean biodiesel was made with the aim to concentrate the unsatured 
molecules. It consisted of a vacuum batch distillation, using a Claisen apparatus equipped with 
a vigreaux column (25 cm height). In order to minimize heat dispersions, both reboiler (a 250 
mL flask) and vigreaux column were thermally insulated with glass wool, aluminum sheets and 
high temperature resistant Teflon. The scheme of the distillation apparatus is reported in Figure 
13: 
 
Figure 13: Scheme of the distillation apparatus for the unsatured methyl esters concentration 
To collect different fraction of distillate, a system based on two alternate collective flasks 
was studied, which made possible the withdrawn of samples without pressurizing the system. 
In general the typical distillation protocol is described hereinafter: 
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1. Charge of biodiesel (about 200g); 
2. Addiction of the magnetic stirrer and agitation turned on; 
3. Set up of the distillation equipment; 
4. Set the reboiler temperature, using an oil bath, at 200°C while turning on the 
vacuum pump 
Once the distillation of the satured esters is finished, the content of the reboiler is further 
purified by simple distillation (without vigreaux), in order to remove the traces of biodiesel 
degraded, i.e. the by-products formed after the high temperature oligomerization of biodiesel. 
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Results and Discussion 
Oil Pretreatment, deacidification of vegetable oils 
In this part of the thesis all the results obtained regarding the deacidification of vegetable 
oils are reported. Firstly, the study of the monophasic deacidification of FFA is reported, 
investigating the disadvantages that result when a double liquid system due to the excess of 
methanol forms. Moreover, it was noted that the catalyst performances are not stable, but in the 
first experiments (about the first 30 h of work) tend to decrease. This is associated with the 
water adsorption on the resin. This aspect was considered together with the deacidification 
performed in a packed bed reactor for developing a robust kinetic model, which considers the 
high non ideality of the system and the adsorption of both reactant and products on the resin. 
Batch Reactor, study on the monophasic FFA esterification 
As previously reported in the Introduction section, the FFA esterification is an 
equilibrium reaction, in which one mole of acid reacts with one mole of alcohol (methanol) to 
give one mole of ester and one of water. However, usually, an excess of methanol is used to 
shift the equilibrium towards the product (FAME). Object of this part of the work was the 
optimization of the methanol quantity, trying to understand if the formation of a double phase 
system was beneficial or not to the FFA conversion. 
In the test performed sunflower oil was used. It was purchased from a local market. 
From a GC analysis the acidic composition of the oil was determined, and it is reported in 
Table 8: 
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Table 8: Sunflower oil acidic composition 
Component 
 
Retention time 
[min] 
Concentration 
[%w] 
STD 1.93 - 
Methyl myristate 3.27 0.00 
Methyl palmitate 4.72 6.41 
Methyl stearate 7.43 4.28 
Methyl oleate 7.93 19.04 
Methyl linolate 8.91 70.57 
Methyl linolenate 10.54 0.00 
Average FFA molecular 
weight 
𝑀𝑊̅̅̅̅ ̅̅  [g mol-1] 
279.40 
The value of average molecular weight was used for the calculation of the FFA 
conversion, according to Equation 1. 
A total of eleven experiments were performed with the following aims: 
 One test without catalyst, in the presence of two phases, in order to evaluate the 
equilibrium repartition of FFA in the phases (whether it exists). In the operative 
condition chosen the autocatalytic reaction is very slow, and the system could be 
considered non reacting, governed only by a physical equilibrium. 
 Three tests performed with catalyst changing the agitation rate, in order to study 
the influence of the external diffusion and operating the next tests avoiding this 
problem. 
 Seven tests changing the methanol:FFA molar ratio (MeOH/FFA), to study the 
influence of the methanol amount on the FFA conversion, either in the presence 
of one or two liquid phases. These tests were useful also for determinating a rough 
range of methanol concentration at which, at the operative conditions chosen, the 
second liquid phase starts to form. 
It is important to say that for each test fresh catalyst was used, to maintain the same 
condition, even if the catalyst at the first reaction converts more than the one at the equilibrium. 
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Test 1 
The operative conditions are summarized in Table 7: 
Table 9: Test 1, operative parameters 
Oil mass [g] 202.5 
Methanol mass [g] 74.0026 
Catalyst mass [g] - 
T [°C] 59 
Agitation [rpm] 100 
 
The experimental results are reported in Figure 14 and Errore. L'origine riferimento 
non è stata trovata.: 
Table 10: Test 1, experimental results 
Time 
Sample 
mass 
V 
KOH 
FFA Extraction 
[min] [g] [mL] [%w] [%] 
0 1.7355 2.22 3.33 0 
11 2.149 2.13 2.58 22.5 
38 2.224 2.13 2.49 25.1 
63 2.357 2.23 2.46 26 
 
Figure 14: Test 1, experimental results 
The equilibrium distribution of FFA is reached about in one hour at the operative 
condition chosen. The result indicates that about the 26 % of the FFA are dissolved in methanol. 
This considerable part thus in the presence of a double phase system, is not converted into 
FAME but remains dissolved in methanol. Therefore, when two liquid phases are present, a not 
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negligible quantity of FFA cannot be converted into FAME, as it is not in contact with the 
catalyst. 
Test 2 
This test is the first of a set of three in which the agitation rate was varied. The operative 
conditions are reported in Table 11: 
Table 11: Test 2, operative conditions 
Oil mass [g] 204.48 
Methanol mass [g] 11.496 
Catalyst mass [g] 20.275 
T [°C] 59 
Agitation [rpm] 100 
The results obtained are reported in Table 12 and in Figure 15: 
Table 12: Test 2, experimental results 
Time Sample mass V KOH FFA Conversion 
[min] [g] [mL] [%w] [%] 
0 1.7766 2.35 3.45 0 
60 1.965 1.36 1.8 47.7 
123 2.328 0.96 1.07 68.8 
180 2.0883 0.61 0.76 77.9 
240 1.734 0.37 0.56 83.9 
301 1.675 0.28 0.44 87.4 
360 1.888 0.25 0.34 90 
 
 
Figure 15: Test 2, experimental results 
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Test 3 
The operative parameters are reported in Table 13: 
Table 13: Test 3, operative parameters 
Oil mass [g] 204.17  
Methanol mass [g] 10.3470 
Catalyst mass [g] 20.4245 
T [°C] 59 
Agitation [rpm] 200 
The results obtained are reported in Table 12 and Figure 16: 
Table 14: Test 3, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 1.8047 2.22 3.20 0.0 
107 2.0261 0.88 1.13 64.7 
153 2.2990 0.74 0.84 73.8 
245 1.7425 0.34 0.51 84.1 
311 2.0190 0.29 0.37 88.3 
379 2.1405 0.27 0.33 89.7 
 
 
Figure 16: Test 3, experimental results 
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Test 4 
The operative parameters of Test 4 are reported in Table 15: 
Table 15: Test 4, operative parameters 
Oil mass [g] 204.01  
Methanol mass [g] 10.3500 
Catalyst mass [g] 20.4028 
T [°C] 59 
Agitation [rpm] 300 
The results are reported in Table 16 and Figure 17: 
Table 16: Test 4, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 1.9585 2.46 3.27 0.0 
60 1.9994 1.31 1.71 47.8 
120 2.0760 0.81 1.02 68.9 
180 1.8405 0.48 0.68 79.2 
240 2.0810 0.38 0.48 85.5 
300 2.0160 0.31 0.40 87.8 
360 2.1080 0.27 0.33 89.8 
 
 
Figure 17: Test 4, experimental results 
In Figure 16 the results of Test 2-4 are reported together. 
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Figure 18: Comparison between the results of Test 2 (circles), Test 3 (triangles) and Test 4 (squares) 
The perfect overlap between the experimental data permit to exclude the presence of 
external diffusion. 
For this reason, all the remaining tests were performed at an agitation rate of 200 rpm. 
Test 5 
In this set of experiments, the amount of methanol was varied to change the MeOH/FFA 
ratio. In this Test, it was set to 2, and only one liquid phase was present. The operative 
parameters are reported in Table 17: 
Table 17: Test 5, operative parameters 
Oil mass [g] 201.57  
Methanol mass [g] 1.5458 
Catalyst mass [g] 20.3080 
T [°C] 59 
Agitation [rpm] 200 
MeOH/FFA 2 
Table 18 and Figure 19 report the experimental data obtained: 
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Table 18: Test 5, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 1.4742 1.80 3.18 0.0 
60 1.8776 1.76 2.44 23.2 
118 2.0449 1.52 1.94 39.1 
179 1.9911 1.28 1.67 47.3 
253 2.1150 1.20 1.48 53.5 
299 2.3207 1.28 1.44 54.8 
355 2.3309 1.28 1.43 55.0 
 
Figure 19: Test 5, experimental results MeOH/FFA=2 
 
Test 6 
In Test 6 the MeOH/FFA was fixed to 3, only one liquid phase was observed. The 
operative parameters are reported in Table 19: 
Table 19: Test 6, operative parameters 
Oil mass [g] 202.33  
Methanol mass [g] 2.2618 
Catalyst mass [g] 20.4113 
T [°C] 59 
Agitation [rpm] 200 
MeOH/FFA 3 
The experimental results are reported in Table 20 and Figure 20: 
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Table 20: Test 6, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 1.7985 2.10 3.04 0.0 
60 2.0890 1.94 2.42 20.5 
111 2.1063 1.62 2.00 34.1 
184 2.2535 1.16 1.34 55.9 
201 1.6453 0.79 1.25 58.9 
241 1.9048 0.83 1.14 62.7 
303 1.9970 0.79 1.10 64.0 
334 2.2516 0.84 0.97 68.0 
 
Figure 20: Test 6, experimental results MeOH/FFA=3 
 
Test 7 
The operative conditions of Test 7 are reported in Table 21. The MeOH/FFA molar ratio 
was fixed to 5. 
Table 21: Test 7, operative parameters 
Oil mass [g] 203.66 
Methanol mass [g] 3.8471 
Catalyst mass [g] 20.4362 
T [°C] 59 
Agitation [rpm] 200 
MeOH/FFA 5 
The results obtained are reported in Table 22 and Figure 21: 
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Table 22: Test 7, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 0.6454 0.76 3.07 0.0 
60 2.1228 1.72 2.11 31.2 
127 2.5240 1.30 1.34 56.3 
180 1.9235 0.74 1.00 67.3 
240 2.5827 0.73 0.74 76.0 
342 3.2928 0.68 0.54 82.5 
 
 
Figure 21: Test 7, experimental results MeOH/FFA=5 
Test 8 
In this Test the MeOH/FFA was fixed to 10. Also in this case only one liquid phase was 
observed. 
The operative parameters are reported in Table 23: 
Table 23: Test 8, operative parameters 
Oil mass [g] 203.16  
Methanol mass [g] 7.5852 
Catalyst mass [g] 20.3274 
T [°C] 59 
Agitation [rpm] 200 
MeOH/FFA 10 
The results are reported in Table 24 and Figure 22: 
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Table 24: Test 8, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 0.8633 1.00 3.02 0.0 
60 2.1309 1.72 2.10 30.3 
120 1.9174 0.98 1.33 55.9 
180 2.0609 0.72 0.91 69.8 
240 2.0609 0.40 0.51 83.2 
300 2.0126 0.33 0.43 85.8 
360 2.1990 0.34 0.40 86.7 
 
Figure 22: Test 8, experimental results MeOH/FFA=10 
Test 9 
Test 9 is actually Test 3, since the MeOH/FFA was set to 13 in the first 3 Tests. For this 
reason the results obtained (reported 
Table 14 in and Figure 16) were useful also in this set of experiments. 
Test 10 
MeOH/FFA molar ratio for Test 1o was fixed to 95. In these conditions two liquid phases 
were observed. The operative parameters are reported in Table 25: 
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Table 25: Test 10, operative parameters 
Oil mass [g] 203.32 
Methanol mass [g] 70.3201 
Catalyst mass [g] 20.4188 
T [°C] 59 
Agitation [rpm] 200 
MeOH/FFA 95 
The results obtained are reported in Table 26 and Figure 23: 
Table 26: Test 10, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 0.8913 1.02 2.98 0.0 
52 2.1037 1.04 1.29 56.8 
119 2.2405 0.40 0.47 84.4 
172 2.6652 0.38 0.37 87.5 
239 2.3082 0.21 0.24 92.0 
301 2.0897 0.14 0.17 94.1 
361 2.1116 0.14 0.17 94.2 
394 2.4744 0.14 0.15 95.1 
 
 
Figure 23: Test 10, experimental results MeOH/FFA=95 
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Test 11 
In this last Test the MeOH/FFA molar ratio was fixed to 150. Again, the liquid system 
was biphasic. The operative parameters are reported in Table 27: 
Table 27: Test 11, operative parameters 
Oil mass [g] 201.86  
Methanol mass [g] 107.4204 
Catalyst mass [g] 20.4188 
T [°C] 59 
Agitation [rpm] 200 
MeOH/FFA 150 
The results obtained are reported in Table 28 and Figure 21: 
Table 28: Test 11, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.2481 2.50 2.90 0.0 
65 2.9340 1.09 0.97 66.6 
120 1.9085 0.50 0.68 76.4 
184 1.9990 0.29 0.38 87.0 
239 2.3208 0.22 0.25 91.5 
301 2.3043 0.15 0.17 94.1 
364 2.0841 0.15 0.19 93.5 
401 2.3233 0.13 0.15 95.0 
 
 
Figure 24: Test 11, experimental results MeOH/FFA=105 
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A comparison between the results obtained in Tests 5-11 is reported in Figure 25. 
 
Figure 25: Comparison between the experimental results of Test 5 (red), Test 6 (orange), Test 7 (yellow), Test 8 
(blue), Test 10 (green) and Test 11 (black) 
The experimental conversions are coherently ordered respect the MeOH/FFA ratios, in 
other word, the higher the amount of methanol, the higher the conversion. Differently, when a 
double phase system forms, the amount of methanol in the oil phase remains constant at a fixed 
temperature. As a consequence, the reaction rate maximizes and remains constant at any 
methanol/FFA molar ratio. 
In Figure 26 it is shown a comparison with the experimental data of Test 10 
(MeOH/FFA=95) without considering the FFA dissolution in the methanol phase and 
considering it by calculating the real FFA amount, i.e. considering by the extraction percentage 
observed in Test 1. 
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Figure 26: Comparison between experimental data of Test 10 taking (full symbols) or not (empty symbols) into 
account the extraction phenomenon 
A conversion after 60 min of 43.15% is calculated, which is consistent with the data of 
Test 9, where the MeOH/FFA ration was set to 13, meaning that the excess of methanol used 
was in the end wasted and only extracted FFA from the oil phase. 
All these data collected in a batch reactor demonstrate the efficacy to perform the 
esterification reaction using limited amount of methanol, i.e. operating in a (monophasic 
liquid)/solid system. From a kinetic point of view, being the temperature always kept constant, 
the conversion at a certain time is only proportional to the amount of methanol. 
In Figure 27 the experimental FFA conversion at 240 min is reported versus the 
MeOH/FFA molar ratio.  
 
Figure 27: FFA conversion at 240 min vs MeOH/FFA molar ratio 
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When the system is monophasic, the methanol concentration in the oil phase (the phase 
in which the catalyst is present) increases if the MeOH/FFA increases, but when the critical 
concentration is reached, the excess of methanol forms the second phase, while its concentration 
in the oil remains constant. This concept are well represented in Figure 22.  
The data were fitted using a function represented generically in Equation 11: 
𝑓(𝑥) =
𝐴∗𝑥
𝐵∗𝑥+1
         Equation 11 
Which is a simple equation that reaches a plateau value. The best A and B value were 
found to be 67.8105 and 0.7247 respectively, giving a satisfactory fitting. 
From this analysis it can be concluded that the second phase forms at the transition 
between the linear behavior (low MeOH/FFA ratio) and the plateau, i.e. between a MeOH/FFA 
of 20 or 30. Converting these values in percentage by weight of methanol it results a range of 
6.8%-10.2%w. Of course the exact value can only be found with dedicated experiments but it is 
out of the scope of this work.  
These simple tests showed that it is not convenient, due to the disadvantages already 
described, working with an excess of methanol which leads to the formation of a double phase 
system, but it is more effective to work in a monophasic liquid, considered also that high FFA 
conversions could be obtained, differently from a lot of works found in literature (Russbueldt 
& Hoeldrich, 2009), (Son, et al., 2011), (Ding, et al., 2012). 
Batch Reactor, study on the catalyst stability 
Another important study performed concerned the stability of the Amberlyst 46 catalyst 
at the operative condition. For this test rapeseed oil was used and a MeOH/FFA ratio of 5, in 
order to maintain the system monophasic. A total of 9 deacidification reactions were performed 
changing the temperature and using always the same resins, without discharging them from the 
reactor. Before running these 9 Tests three reactions were performed at 60°C in order to make 
the equilibrium of reactants and product be established on the resin surface.  
This is not a negligible aspect to be considered. In Figure 28 the comparison between the 
first and the third equilibrium reactions are reported. 
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Figure 28: Comparison between FFA conversion obtained with fresh resins (squares) and equilibrated resins 
(triangles) 
This phenomenon was always observed every time fresh catalyst was used. The 
explanation is simple, water formed as by-product of the esterification remains adsorbed on the 
resin and thus the reaction rate results enhanced because water is subtracted from the mixture.  
All the results of the nine experiments are reported hereinafter. 
Tests 1-5 
Tests1-5 were performed at 60 °C. in the following Tables all the experimental results are 
reported, while in Table 29 the masses of oil and methanol used are shown: 
Table 29: Tests 1-5 amount of oil and methanol used 
Operative conditions 
of 
Reagent 
Mass 
[g] 
Test 1 
Oil 205.26 
Methanol 2.8534 
Test 2 
Oil 203.52 
Methanol 2.6106 
Test 3 
Oil 203.69 
Methanol 2.7018 
Test 4 
Oil 209.10 
Methanol 2.7059 
Test 5 
Oil 204.53 
Methanol 2.6911 
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Table 30: Test 1, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.1706 1.88 2.45 0.0 
136 2.4536 1.24 1.43 42.1 
221 2.4747 0.89 1.02 59.2 
281 2.3621 0.70 0.84 66.6 
311 2.6072 0.69 0.75 70.5 
345 2.6590 0.63 0.67 73.3 
 
Table 31: Test 2, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 4.3007 3.4 2.23 0.0 
60 2.7734 1.82 1.85 17.7 
120 2.7112 1.36 1.41 37.0 
180 2.8508 1.12 1.11 50.9 
240 2.9250 0.96 0.93 58.4 
300 2.6148 0.76 0.82 63.3 
336 2.4872 0.64 0.73 67.4 
 
Table 32: Test 3, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.3233 1.92 2.33 0.0 
30 2.2314 1.54 1.95 17.4 
65 2.4038 1.46 1.72 27.6 
125 2.1368 1.20 1.59 32.0 
138 2.1464 0.98 1.29 45.5 
205 2.3560 0.82 0.98 58.5 
263 2.3670 0.70 0.84 64.1 
330 2.2776 0.58 0.72 69.2 
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Table 33: Test 4, experimentla results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.3787 1.90 2.26 0.0 
15 2.5896 1.92 2.09 7.1 
30 2.6547 1.86 1.98 12.0 
60 2.3520 1.48 1.78 21.8 
120 2.3908 1.18 1.39 38.8 
195 2.2151 0.84 1.07 53.4 
270 2.2608 0.68 0.85 62.7 
330 2.3731 0.62 0.74 67.5 
390 2.1158 0.50 0.67 70.4 
 
Table 34: Test 5, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.1878 1.70 2.20 0.0 
13 2.2525 1.70 2.13 3.0 
30 2.3862 1.70 2.01 8.2 
58 2.1967 1.40 1.80 18.7 
119 1.9782 1.00 1.43 35.4 
215 1.9625 0.70 1.01 54.0 
255 2.0413 0.64 0.89 60.8 
338 2.2957 0.56 0.69 69.3 
403 2.5990 0.56 0.61 72.3 
 
All the results of Tests 1-5 are plotted together in Figure 29: 
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Figure 29: Experimental FFA conversion at 60°C, diamonds: Test 1, squares: Test 2, triangles: Test 3, X: Test 4, 
stars: Test 5 
After the resin equilibration is reached, the catalyst performance resulted stable for 300 
hours of work. After this first set of experiments, three tests were performed at 50°C and one 
last experiment at 40°C, which resulted very useful for the regression of the kinetic parameters 
(see Kinetic Modelling paragraph). 
Tests 6-8 
As previously introduced, these three tests were performed at lower temperature, i.e. 
50°C. Since the catalyst was not discharged, Table 35 reports only the amount of methanol and 
rapeseed oil used for each Test. 
Table 35: Tests 6-8 amount of methanol and oil used 
Operative conditions 
of 
Reagent 
Mass 
[g] 
Test 6 
Oil 203.24 
Methanol 2.8191 
Test 7 
Oil 204.24 
Methanol 2.7920 
Test 8 
Oil 205.36 
Methanol 2.7251 
In the following three Tables the experimental results are reported: 
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Table 36: Test 6, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.5526 2.24 2.48 0.0 
20 2.2901 1.96 2.42 3.5 
34 2.3900 1.96 2.32 7.7 
95 2.4213 1.84 2.15 13.8 
190 2.8200 1.87 1.87 24.1 
240 2.0338 1.28 1.74 30.8 
280 2.4531 1.37 1.58 36.3 
340 2.3404 1.17 1.41 43.7 
1253 2.2238 0.34 0.43 83.4 
1440 2.1098 0.30 0.40 84.9 
1632 2.2365 0.28 0.35 85.7 
 
Table 37: Test 7, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.5526 2.24 2.48 0.0 
15 2.2901 1.96 2.42 3.1 
30 2.3900 1.96 2.32 7.4 
60 2.2907 1.84 2.27 9.5 
120 2.6224 1.87 2.01 19.9 
214 2.0738 1.28 1.74 30.6 
270 2.4531 1.37 1.58 36.6 
331 2.3404 1.17 1.41 43.3 
1460 2.1203 0.26 0.35 86.2 
1682 2.1602 0.26 0.34 86.3 
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Table 38: Test 8, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.1193 1.58 2.11 0.0 
30 2.4553 1.72 1.98 6.4 
60 2.4787 1.67 1.90 10.8 
123 2.3455 1.43 1.72 18.3 
180 2.5282 1.41 1.58 25.2 
240 2.1476 1.08 1.42 33.3 
300 2.1150 0.96 1.28 39.4 
350 2.1810 0.93 1.20 43.9 
1330 2.8941 0.35 0.34 86.0 
1464 2.4019 0.26 0.31 87.2 
1671 3.1538 0.30 0.27 87.2 
In Figure 30 the comparison between the results obtained is shown: 
 
Figure 30: FFA experimental conversion for Test 6 (diamonds), Test 7 (squares) and Test 8 (triangles) 
Again, the results are perfectly reproducible. Naturally, the Tests were carried out for 
longer time since the rate of reaction is slowed due to the low temperature (50°C). 
Tests 9 
This last Test was performed at 40°C. even if the temperature is too low, since the reaction 
made at 50°C needed more than 24 hours to reach the equilibrium, this experiment is still useful 
because increases the range of operative conditions at which the kinetic model is valid. 
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In Table 39 the amount of oil and methanol used are reported: 
Table 39: Amount of methanol and oil used in Test 9 
Operative conditions 
of 
Reagent 
Mass 
[g] 
Test 9 
Oil 205.15 
Methanol 2.6853 
In Table 40 the experimental results are reported: 
Table 40: Test 9, experimental results 
Time 
[min] 
Sample 
mass 
[g] 
V KOH 
[mL] 
FFA 
[%w] 
Conversion 
[%] 
0 2.4069 1.92 2.65 0.0 
60 2.1894 2.02 2.61 2.1 
150 2.0170 1.74 2.44 8.8 
270 2.3404 1.80 2.18 18.5 
479 2.9906 1.40 1.99 25.2 
4260 1.8696 0.24 0.36 86.9 
4380 2.1135 0.24 0.32 88.0 
4530 2.6747 0.32 0.34 87.3 
In Figure 31 a comparison between Test 1, Test 6 and Test 9 results is reported: 
 
Figure 31: Comparison between FFA conversion at different temperatures, 40°C (squares), 50°C (diamonds) and 
60°C (triangles) 
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The trend of all the experiments results seems reasonable and coherent. Moreover, from 
the observation seems that the equilibrium conversion is not strongly dependent from 
temperature in the range 40-60°C. 
After about 200 hours of work the catalyst performance remained stable, meaning that at 
the operative condition used no degradation of the polymeric matrix and no loss (leaching) of 
active sites was observed. The catalyst life time is a crucial and underestimated factor that is 
very important for an eventual large scale application of every catalytic process. In this case 
Amberlyst 46 demonstrated to be both very active and stable for the deacidification reaction in 
a system that was voluntary kept monophasic in order to have all the disadvantages of the 
double phase system. 
Continuous Reactor 
In this section the results of the continuous reactor are shown. As reported in the 
Experimental section the reactor is a packed bed reactor that works at 5 bar. It was chosen to 
work in a pressurized system in order to make reactions at a temperature higher than the one of 
the normal boiling point of methanol. Of course, higher temperature allows a higher reaction 
rate and a more rapid equilibrium. Similarly to the tests performed in batch reactor concerning 
the catalyst life time, the Amberlyst 46 charged in the reactor was never changed or treated with 
pure methanol in order to study its mechanical and chemical stability.  
Also in these tests a molar MeOH/FFA ratio of 5 was used and the reactant volumetric 
flux was varied in order to have residence times between few minutes and six hours. The 
temperature range studied was 54-105°C, and the deacidification reactions were performed on 
sunflower and soybean oils.  
In order to make easy the reading of the following Tables and Figures, all the data 
obtained with the packed bed reactor will be shown as FFA conversion versus reactant residence 
time, calculated dividing the volume of the catalytic bed (at the sampling point height) by the 
volumetric flow of the reagents. 
In the reactor the catalyst Amberlyst 46 was charged in its wet form. The very first data 
obtained were performed at 55°C using sunflower oil are reported in Figure 32, plotted as FFA 
content (weight perchentage) sampled at the reactor outlet versus time. In this peculiar run, the 
time axis represents the working time, i.e. the time the reactor was continuously working: 
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Figure 32: FFA content of the outlet flow of the reactor 
The phenomenon of the resin equilibration was observed again in this test, only with 
opposite effects. FFA content instead of decreasing, in the first hours tend to increase. This 
because the water adsorbed on the resin exceeded the equilibrium quantity and thus was 
released by the catalyst acting on the chemical equilibrium. When the real equilibrium between 
all the four species involved in the deacidification reaction was reached, the FFA content starts 
to decrease and reach the real equilibrium value, with a positive conversion. 
After this first observation, two tests were performed trying to measuring the water 
content of the oil. This was possible using the Karl Fischer analysis. 
After the instrument calibration, we noticed that on oil samples the water content analysis 
was not reproducible. This because of the too high viscosity of the oil, which was difficulty 
dissolved by the Karl-Fisher solvent. For this reason the protocol analysis was modified using 
as solvent for the titration a mixture of toluene (about 20 mL for each titration) and the dedicated 
Hydranal® solvent (about 10 mL for each titration). 
Both the tests were performed at 65°C, changing the volumetric flowrate and thus the 
results are reported altogether in Table 41: 
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Table 41: Determination of the water concentration at different residence time 
Residence 
time 
[min] 
Water 
concentration 
[ppm] 
0 695 
2.5 692 
5 784 
7.5 690 
10 623 
30 977 
60 991 
90 996 
120 961 
180 1019 
210 1005 
270 1173 
The water content varies with a certain error, but its trend is clear. Water formed from the 
deacidification reaction tends to reach a stable value of about 1000 ppm, that could be 
approximated to the solubility of water in the oil at 65°C.  
In order to investigate this aspect two batch reactions were performed following both the 
FFA conversion and the water content in the samples. It was chisen to work in a batch reactor 
because the sampling procedure was easier. The first experiment was carried out at 50°C, the 
results obtained are reported in Table 42, in which, together with the conversion calculated on 
FFA (ConversionFFA), also the conversion calculated on the water formed is reported 
(ConversionW): 
Table 42: FFA deacidification test with the determination of water content, 50°C 
Time 
[min] 
FFA 
[%w] 
ConversionFFA 
[%] 
Water  
[ppm] 
ConversionW 
[%] 
0 4.17 0.0 779 0.0 
20 3.57 14.2 - - 
40 3.34 20.8 - - 
60 3.20 23.7 1038 25.1 
120 2.80 33.5 994 22.6 
180 1.30 42.5 - - 
300 1.68 60.3 1021 24.9 
1560 0.32 92.0 995 22.6 
Unfortunately the initial water content in the oil was near to the critical 1000 ppm value. 
Due to this, only the first point gives a reasonable water based conversion compared to the FFA 
conversion.  
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Table 43 reports the results obtained in the second batch experiment, performed at 60°C 
and using soybean oil. In this experiment the oil was first put under stron agitation in vacuum 
condition, in order to evaporate the maximum quantity of water avoiding reaching the plateau 
water concentration in the first minutes of reaction: 
Table 43: FFA deacidification test with the determination of water content, 60°C 
Time 
[min] 
FFA 
[%w] 
ConversionFFA 
[%] 
Water  
[ppm] 
ConversionW 
[%] 
0 2.98 0.0 426 0.0 
60 2.92 2.9 453 6.0 
120 2.43 19.5 679 37.4 
180 1.85 38.8 650 34.5 
240 1.37 54.1 751 43.3 
300 1.19 60.7 740 42.8 
Except the second experimental point, the first three determinations seem coherent. 
However, the too high error in the water analysis, that is common when dealing with highly 
viscous and hydrophobic substances (the demonstration could be found in literature, or better 
could not be found since no one reported experimental data on water content in this kind of 
reaction) could only lead to gross error. 
In order to evaluate whether the viscosity influences the water content analysis, three last 
deacidification tests were performed on acidified sunflower oil (using oleic acid, see 
Experimental section) blended with toluene (1:1 and 1:0.2 by weight) and diesel (1:1 by 
weight). Also in these three tests, the oil was subjected to a vacuum treatment overnight in order 
to remove the highest quantity of water possible. 
In Table 44 the results concerning the experiment using toluene 1:1 by weight are reported, 
the test was carried out at 50°C: 
Table 44: FFA deacidification of sunflower blended with toluene 1:1 by weight 
Time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
Water  
[ppm] 
0 4.40 0.0 449 
60 4.09 7.2 668 
120 3.75 15.3 1147 
180 3.57 19.6 1501 
240 3.40 23.4 1317 
300 3.20 27.7 1322 
495 2.85 35.8 1218 
1380 1.79 59.1 1220 
1740 1.11 75.1 1241 
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In Table 45 the results of the test performed with an oil:toluene blend of 1:0.2 by weight 
are reported. The test was carried out at 60°C 
Table 45: FFA deacidification of sunflower blended with toluene 1:0.2 by weight 
Time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
Water  
[ppm] 
0 4.40 0.0 450 
60 3.62 18.0 858 
120 2.86 35.4 1574 
180 2.34 47.4 1854 
240 1.71 61.3 1635 
300 1.58 64.9 1719 
490 1.05 76.7 1705 
Comparing the results obtained in these two experiments, the FFA conversion reaches the 
same equilibrium value and the final water content is coherent with the temperature used in the 
tests, i.e. it is higher at higher temperature. The value of equilibrium water concentration is 
slightly higher compared the test with only pure oil (about 1000 ppm). This could be due to the 
effect of toluene, which increases the water solubility in the oil mixture because is more polar. 
In any case, when the equilibrium value is reached, a great fluctuation of the results is always 
experimented. 
The last test was performed at 60°C, Table 46 reports the results obtained: 
Table 46: FFA deacidification of sunflower blended with diesel 1:1 by weight 
Time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
Water  
[ppm] 
0 4.40 0.0 450 
60 3.63 18.4 1218 
120 287 35.8 1007 
180 2.28 48.0 989 
240 1.98 55.5 965 
300 1.54 65.1 1015 
360 1.24 72.2 996 
In this case the equilibrium water content reached is very similar to the one obtained with 
pure oil, this because diesel is a mixture of hydrocarbon and thus is completely apolar. 
These tests demonstrated that the water measurement is a very critical point, and that the 
maximum solubility of water is dependent on the temperature and not strongly dependent by 
the kind of oil and in any case affected by a high error. 
For this reason the water content was not measured in the following tests and when it is 
present, it should be used only as an indication. 
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The results obtained with the packed bed reactor are reported in the following. A total of 
7 different reaction temperatures were experimented, in particular in the range 54-105°C, the 
pressure for all these tests was set to 5 bar. 
Test 1 
Test 1 was performed at 54°C, the results are reported in Table 47: 
Table 47: Test 1, results of the FFA deacidification in packed bed reactor at 54°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.41 0.0 
3.5 4.26 3.5 
6.5 4.18 5.2 
17.4 3.93 10.9 
52.5 3.16 28.3 
62.9 3.02 31.5 
99.2 2.79 36.7 
119.0 2.73 38.1 
262.4 2.60 41.1 
314.2 2.51 43.1 
 
Test 2 
Test 2 was operated at 65°C. The results obtained are reported in Table 48: 
Table 48: Test 2, results of the FFA deacidification in packed bed reactor at 65°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.70 0.0 
3.5 4.47 5.0 
9.7 4.25 9.6 
18.2 3.86 17.9 
51.1 3.16 32.8 
62.9 2.90 38.3 
102.0 2.25 52.2 
119.0 2.07 56.0 
262.4 1.95 58.5 
314.2 1.83 61.0 
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Test 3 
Test 5 was operated at 75°C. This test is performed at a temperature higher than the 
normal boiling point of methanol but, being in a pressurized system, no problems due to 
evaporation of methanol were detected. In Table 49 are shown the experimental results: 
Table 49: Test 3, results of the FFA deacidification in packed bed reactor at 75°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.70 0.0 
3.5 4.56 3.0 
6.5 4.34 7.65 
18.2 4.07 13.5 
49.5 3.30 29.8 
59.9 2.96 37.0 
99.2 2.45 47.8 
119.0 2.24 52.3 
262.4 1.54 67.3 
314.2 1.42 69.8 
 
Test 4 
In this Test the temperature was set to 85°C. The experimental results collected are 
reported in Table 50: 
Table 50: Test 4, results of the FFA deacidification in packed bed reactor at 85°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.34 0.0 
3.2 4.09 5.8 
5.3 3.96 8.8 
11.9 3.54 18.4 
21.0 3.08 29.1 
48.2 1.26 71.0 
57.6 1.05 75.8 
80.0 0.84 80.7 
95.9 0.75 82.8 
179.8 0.66 84.7 
215.6 0.61 86.0 
315.0 0.56 87.1 
377.5 0.49 88.7 
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Test 5 
In this test a temperature of 95°C was set. The results obtained are reported in Table 51: 
Table 51: Test 5, results of the FFA deacidification in packed bed reactor at 95°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.34 0.0 
3.8 4.01 7.6 
5.1 3.88 10.6 
11.2 3.48 19.8 
19.0 3.02 30.5 
58.2 0.89 79.6 
69.8 0.66 84.8 
77.3 0.54 87.5 
92.6 0.33 92.5 
166.0 0.33 92.5 
199.0 0.33 92.3 
286.7 0.32 92.6 
343.6 0.32 92.6 
 
Test 6 
Test 6 was performed at 105 °C. This is the highest temperature tested during the 
experiments. The results collected are reported in Table 52: 
Table 52: Test 6, results of the FFA deacidification in packed bed reactor at 105°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.34 0.0 
4.2 3.89 10.4 
5.1 3.67 15.5 
10.6 3.25 25.2 
17.2 2.58 40.5 
63.8 0.65 85.0 
76.5 0.41 90.6 
77.1 0.42 90.4 
92.4 0.36 91.6 
159.9 0.37 91.4 
191.7 0.37 91.5 
259.1 0.37 91.5 
310.6 0.37 91.5 
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Compared to Test 5, the equilibrium conversion at 105°C resulted, even if only by one 
unity, less than the one obtained at 95°C. This result could be ascribed to the higher water 
solubility in the oil. 
Test 7 
In Test 7 the operative conditions of Test 4, i.e. temperature of 85°C, was repeated, 
changing the oil type, from soybean oil to acidified sunflower oil. Oleic acid was added to 
maintain a similar FFA content. The results obtained are reported in Table 53: 
Table 53: Test 7, results of the FFA deacidification in packed bed reactor at 85°C, sunflower oil 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.41 0.0 
3.2 4.15 5.8 
5.1 4.04 8.4 
11.3 3.85 12.8 
19.0 3.12 29.2 
48.5 1.28 71.0 
58.1 1.10 75.1 
77.3 0.87 80.3 
92.8 0.76 82.8 
170.8 0.68 84.5 
204.8 0.63 85.8 
287.1 0.58 86.9 
344.3 0.53 88.0 
In Figure 33 is reported a comparison between the two homologue Tests. 
 
Figure 33: Comparison between the experimental results of Test 7 (circles) and Test 4 (triangles) 
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A very good overlap between these two experiments meaning that the acidic composition 
of the oil, i.e. the different FFA species possess the same behavior towards the resin and the 
reaction, which is logic since they are all long chain fatty acid, belonging to an homologues 
series. 
Test 8 
Test 8 is a repetition of Test 2 (deacidification at 65°C) that was performed to establish if 
the catalyst had lost its activity towards the deacidification reaction. In Table 54 the results of 
this final test are reported: 
Table 54: Test 8, results of the FFA deacidification in packed bed reactor at 65°C 
Residence 
time 
[min] 
FFA 
[%w] 
Conversion 
[%] 
0.0 4.41 0.0 
3.9 4.17 5.4 
8.67 3.98 9.8 
21.6 3.62 17.9 
59.0 2.77 37.3 
70.8 2.57 41.7 
130.6 2.04 53.8 
156.7 1.91 56.6 
324.5 1.65 62.6 
389.1 1.57 64.4 
In Figure 34 a comparison between the results of Test 2 and Test 8 is reported: 
 
Figure 34: Comparison between the experimental results of Test 2 (triangles) and Test 8 (circles) 
After about 600 hours of work, considered not only the cumulated time of reaction but 
also the time needed for reaching the temperature, the equilibration of the resin and the set of 
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the reactant volumetric flowrate, the performance of the catalyst remained comparable and 
stable, demonstrating once again the good choice of the catalyst and its potentiality to be used 
in a real process. 
Kinetic Modelling 
As previously introduced, in this part of the work two different kinetic models were 
considered, a pseudo-homogeneous and an adsorption based one which accounts for the 
different affinities toward the polymeric matrix of all the species involved in the reaction and 
the solvent (triglycerides) following the same approach proposed by Popken et al. (2000). 
For both the models, the ideal and non ideal behaviors of the mixture were considered, 
and the results were compared. A good kinetic interpretation is essential for the optimization of 
the process, because the simulation of the reactor behavior in a vast range of operative 
configurations is possible (Myint & El-Halwagi, 2009). 
On the basis of the experimental results obtained in the previous section, two different 
models, pseudo-homogeneous and adsorption-based, were proposed and the corresponding 
kinetic parameters were regressed. The optimized parameters for both models are reported in 
Table 55 in with the residual errors (SSE): 
Table 55: Optimized kinetic parameters for the FFA esterification using pseudo-homogeneous and adsorption-based 
models, taken from (Pirola, et al., 2015) 
It is important to highlight that all the activation energies for the heterogeneously 
catalyzed reaction calculated in this work are apparent activation energies, not the true values 
for the chemical reaction. In fact, these energies correspond to the sum of all the micro-steps 
involved in the heterogeneous catalytic process. For this reason, the negative value of the 
activation energies obtained for the inverse reaction should be considered not astonishing. 
Even if the pseudo-homogeneous model does not consider the adsorption of both 
reactants and products, its use permits to better calculate the experimental trends, especially for 
the runs performed at high temperatures, respect to the more sophisticated adsorption-based 
model. This is probably due to the not-correct values of the adsorption constants, which were 
measured for the binary non-reactive mixtures at a fixed temperature (25 °C), far from the 
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experimental operative conditions. Moreover, these numerical values were obtained for a 
similar, but different, catalyst, i.e., Amberlyst 15. For these reasons, a regression of the 
adsorption-based model kinetic parameters together with the binary adsorption constants of 
water and methanol was performed, assuming valid that 𝐾𝑂𝐼𝐿 = 0 and 𝐾𝐹𝐴𝑀𝐸 = 𝐾𝐹𝐹𝐴 =
𝐾𝑀𝑒𝑂𝐻
3.5
 
The final optimized parameters are reported in Table 55: 
 
 
 
 
A comparison between some experimental data and the calculated behavior is shown in 
Figure 35.  
 
Figure 35: Experimental FFA esterification, experimental data (points) at 95°C (circles), 85°C (triangles), and 54°C 
(diamonds) and simulated curves using a the adsorption-based model with UNIQUAC, b the pseudo-homogeneous model 
with UNIQUAC, c the adsorption-based model with IDEAL (activity coefficients = 1), d the pseudo-homogeneous model with 
IDEAL (activity coefficients = 1), taken from (Pirola, et al., 2015) 
From this Figure, it is clear how an adsorption-based model better fits the experimental 
data reported, that is particularly true near the equilibrium condition. The calculation of the 
activities considering the UNIQUAC model does not influence the overall SSE probably 
Table 56: Adsorption-based model kinetic parameter, regressed together with the water and methanol adsorption equilibrium 
constants, taken from (Pirola, et al., 2015) 
 68 
because the experimental amount of methanol used was chosen in order to have only a 
monophasic liquid mixture and then corresponding to mixture compositions only lightly non-
ideal. Nevertheless, being the system oil/FFA/FAME/methanol/water highly non-ideal for 
others several compositions, a possible formation of two liquid phases can be calculated only 
using this more realistic thermodynamic approach, and thus its use is preferable. 
The use of UNIQUAC model in order to take into account the non-ideality of the liquid 
medium is consequently advantageous when using starting vegetable oils characterized by 
higher FFA content. In this case, with the UNIQUAC adsorption-based model, it is possible to 
predict the behavior of the system, and it is possible to design a series of PBRs each of which 
dimensioned in order to avoid the liquid demixing. Proper water separation procedures will be 
necessary between two consecutive reactors. A detailed optimization of this kind of process 
will be considered in future works 
Carotenes recovery from Crude Palm Oil 
As previously introduced, the aim of this part of the work was to investigate the possibility 
to perform the deacidification reaction of crude palm oil preserving the stability of carotenes. 
Deacidification tests were conducted by monitoring both the FFA and carotenes content. 
The oil was characterized by a FFA content of 3.50%w and a concentration of carotenes 
of 350 ±5 ppm.  
A first set of 15 experiments were carried out at 60 °C and at an agitation of 250 rpm. A 
second set of 16 batch experiments was performed increasing the initial FFA content by the 
addiction of palmitic acid with the aim to study the stability of carotenes at diﬀerent FFA 
concentrations (from 3.50 %w up to 7.70 %w).  
The catalyst used in the first experimental run was always reused for all the 31 runs to 
study the stability of the resin during the esterification reaction.  
In Figure 36 the results of some runs belonging to the first set are reported. It was avoided 
a full detailed report of the data because these observation are the same reported in the first part 
of the “Batch Reactor, study on the catalyst stability” section. 
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Figure 36: CPO deacidiﬁcation results, FFA weight percentage versus time, taken from (Pirola, et al., 2014) 
The FFA content in oil decreases faster in the first and in the second experimental run 
due to the adsorption of water onto the resins. In fact, the catalyst was charged in its dry form 
the first time and the water produced by the reaction equilibrated onto the catalyst surface. 
In Figure 37 the final concentration of carotenes is reported at the end of the reactions 
(each experiment lasted 6 h) versus the number of the first set of experimental runs. 
 
Figure 37: Carotenes concentration at the end of the first set of experimental runs, taken from (Pirola, et al., 2014) 
In the first 5 runs, i.e. in the first 300 hours of work, the final concentration of carotene 
resulted lower compared the average one of crude palm oil, while for the others it reaches a 
plateau. This observed decrease in carotenes concentration could be ascribed to their adsorption 
on the catalyst particles.  
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Fig. 5 shows both the final FFA conversion and the carotenes content in CPO versus the 
initial acidity of CPO. 
 
Figure 38: Experimental FFA conversion (blue points) and ﬁnal carotenes content (red squares) versus initial FFA 
content in CPO, taken from (Pirola, et al., 2014) 
The concentration of carotenes remained stable and thus the presence of FFA does not 
influence the carotenes degradation. This result is very important because the FFA content in 
crude palm oil is not constant, but varies depending on the type of oil, the harvesting period and 
the manufacturing process (O'Brien, 2008). On the other hand, the final conversion of FFA 
tends to remain stable, showing that the performances of the catalyst are not aﬀected by the 
carotenes adsorption.  
In order to investigate the adsorption of carotenes on the catalyst surface, a sample of 
fresh resin and one of the same after all the experimental determination were observed using an 
optic microscope. Figure 39 reports the images: 
 
Figure 39: Amberlyst 46 images (x15) after (left) and before (right) all the experimental CPO deacidiﬁcation tests. 
Taken from (Pirola, et al., 2014) 
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The magnifications show clearly that onto the resin surface there are species adsorbed. In 
a Soxhlet apparatus the total extraction of these products was carried out using n-hexane as 
solvent and then measuring the UV-vis spectra we noticed the presence of the typical carotenes 
absorption band. This result confirms that the carotenes are adsorbed on the resin, probably 
because of the chemical aﬃnity between carotenes and the polymeric matrix of the catalyst. 
Finally, the stability of the carotene adsorbed on the resin was evaluated by putting two 
samples of 2 g each of used catalyst in inert (N2) and oxidizing (O2) static atmosphere 
respectively. After 6 days an extraction using 15 mL of n-hexane was made and the absorbance 
for both the samples was registered. The results are shown in Figure 40: 
 
Figure 40: Carotenes concentration in 15 mL n-hexane extracts for 2 g of: (i) used catalyst after all the experimental 
runs; (ii) used catalyst in inert atmosphere (N2); and (iii) in oxidizing atmosphere (O2). Taken from (Pirola, et al., 2014) 
The amount of carotenes remained stable after 6 days on the resin, meaning that the acid 
sites of the catalyst do not act on the degradation of carotenes. Diﬀerently, under oxygen 
atmosphere, the degradation of carotenes occurred and about the 40% of carotenes molecules 
were oxidized.  
Considering a work by Henry et al. (1998) the time necessary to achieve this degradation 
value is about 9.4 days, however, considering that our experimental determination was made 
under an oxygen partial pressure of 1 atm, instead of about 0.2 atm, it can supposed that the 
adsorption on the resin surface limits the carotenes degradation. 
Moreover, considering Figure 37 and using the molecular weight of beta-carotene as 
representative for all the carotenes group, a total of 71 mg of carotenes were adsorbed onto the 
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resin surface. This estimation was made calculating an amount of 200 g of crude palm oil were 
used each experiment. From the first column of Figure 40 it is possible to calculate the amount 
of carotenes captured by the catalyst, which is 68 mg of carotenes, confirming the mass balance 
of the collected experimental data. 
In conclusion, carotenes content was preserved in the deacidification of crude palm oil 
using an esterification reaction with methanol catalyzed by an acid ion exchange resin 
(Amberlyst A46). Moreover the adsorption of carotenes on the resin surface was observed 
satisfactory free fatty acid conversion was obtained and the catalyst performance was proved 
to be stable even after 186 hours of work. 
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Biodiesel Production, heterogeneous transesterification of vegetable 
oils 
Homogeneous vs Heterogeneous catalyzed reaction 
Homogeneous transesterification of oil is well known (Abbaszaadeh, et al., 2012) 
technique for obtaining biodiesel. For this reason only few reaction with different substrate 
conditions were performed using sunflower oil as feedstock, in order to be able to compare 
these results to the one obtained with heterogeneous catalysis. 
In particular two Tests were performed on sunflower oil as it is, i.e. containing FFA and 
deacidified oil. 
Test 1 
In this Test the transesterification of sunflower oil using sodium hydroxide was 
performed. In Table 57 the operative conditions are reported: 
Table 57: Test 1, operative conditions of the transesterification of sunflower oil 
Oil mass [g] 100.04 
Catalyst mass [g] 1.0056 
FFA content [%w] 4.3 
T [°C] 60 
Agitation [rpm] 350 
 
The results are reported in Table 58 and Figure 41: 
Table 58: Test 1, experimental results 
Time 
[min] 
Oil conversion 
[%] 
5 2.82 
10 1.78 
30 2.67 
45 2.76 
60 3.34 
90 5.20 
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Figure 41: Test 1, experimental results 
Very likely, the result obtained at 5 minutes is affected by an error. From it is evident how 
the FFA influences the conversion, since they neutralize the catalyst, and the oil conversion 
resulted very low. 
Test 2 
In the second Test deacidified oil was used. In Table 59 the operative conditions are 
shown: 
Table 59: Test 2, operative conditions of the transesterification of decidified sunflower oil 
Oil mass [g] 100.13 
Catalyst mass [g] 1.0012 
FFA content [%w] 0.3 
T [°C] 60 
Agitation [rpm] 350 
In Table 60 and in Figure 42 the results obtained are reported: 
Table 60: Test 2, experimental results 
Time 
[min] 
Oil conversion 
[%] 
15 89.90 
20 96.44 
25 97.09 
30 97.57 
60 97.28 
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Figure 42: Test 2, experimental results 
The results shown that the amount of FFA highly impacts on the oil conversion and that 
the deacidification process is essential. 
After the heterogeneous transesterification was tested. The first catalyst used was the 
CaO. In particular it was conducted a study changing the molar ratio MeOH/oil, similarly to the 
experiments described in the “Batch Reactor, study on the monophasic FFA esterification” 
section. 
In Table 61 the experimental conditions are reported for all the tests. The agitation was 
set to 600 rpm avoiding the influence of the external diffusion and the temperature was fixed 
to 60°C: 
Table 61: Operative conditions of the transesterification reaction performed with CaO as catalyst 
Oil mass 
[g] 
Methanol 
mass 
[g] 
MeOH/Oil 
50.35 5.81 3 
49.33 11.17 6 
49.39 18.34 10 
50.12 22.96 12 
50.65 41.03 22 
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All the results obtained are reported in Table 62 and in Figure 43: 
Table 62: Experimental results obtained in the heterogeneous transesterification of oil using CaO as catalyst 
 Oil Conversion [%] 
Time 
[min] 
60 120 180 240 
M
eO
H
/O
il 
3 22.56 45,33 58,77 74,36 
6 23,69 50,36 65,77 82,87 
10 25,68 58,30 70,98 85,25 
12 42,80 66,34 77,25 90,72 
22 49,90 63,24 75,64 91,82 
 
 
Figure 43: Experimental results of the heterogeneous transesterification of oil using CaO at different MeOH/oil 
ratios: 3 (squares), 6 (*), 10 (circles), 12 (triangles) and 22 (+) 
The first consideration to be made observing Figure 43 is that a larger time is needed to 
achieve a high oil conversion, that is in any case not sufficient after 4 hours of reaction. This 
observation confirms and highlight the main restriction of the heterogeneous catalysis for the 
transesterification reaction. Another important aspect of the results is that the experiment 
performs with a MeOH/oil of 12 gave almost the same results of the one performed at a ratio 
of 22. This means that a too high excess of methanol does not affect the oil conversion and this 
is due for the same reason exposed previously, the formation of a two liquid phases system. 
The CaO/Al2O3 catalyst gave very poor performances. In particular in a test performed at 
a MeOH/oil of 12 a conversion of 88% was obtained after 15 hours of reaction (at 60°C). This 
observation led to the conclusion to avoid using this catalyst. 
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For what concern the mixed oxides catalyst the reactions conditions used for the three 
tests performed are summarized in Table 63: 
Table 63: Operative conditions of the tests performed using the mixed phase SrO and CaO catalyst 
 
Catalyst 
25% SrCO3 50% SrCO3 75% SrCO3 
Oil mass [g] 42,08 42,1 42,14 
Methanol mass [g] 58,22 57,94 58,00 
Catalyst mass [g] 1,4709 1,4741 1,4712 
In Figure 44 the results in terms of oil conversion after 15 h of reaction are reported for 
these catalysts: 
 
Figure 44: Experimental results of the heterogeneous transesterification of oil using mixed phase oxides 
The oil conversion decreases when the amount of strontium oxides increases in the mixed 
oxide. Even if both CaO and SrO are strong bases, SrO does not contributes to catalyze the 
transesterification reaction.  
The hypothesis that the SrO was not exposed at the catalyst surface was discarded by 
interpreting the XPS results. Figure 45 shows the XPS analysis of the sample 75%SrO25%CaO, 
that evidences the presence of both the oxides at the catalyst surface. This result was the same 
for all the three samples. 
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Figure 45: XPS spectrum of the sample 75%SrO25%CaO 
All the experiments performed with the heterogeneous catalysts highlighted their 
disadvantages compared to the homogeneous ones. Among the one tested, bulk CaO 
demonstrated to be the best alternative because it converts oil into FAME in half the time 
required by the other catalysts. Suitable strategies should be developed to make more 
competitive the use of heterogeneous catalysts since the too long time needed to reach an high 
oil conversion inhibits their use. In my thesis work a solution was proposed: the use of a co-
solvent able to make the reactant system homogeneous permitting to increase the MeOH/oil 
ratio effectively, and thus increasing the reaction rate. 
Co-solvent for the heterogeneous catalyzed transesterification 
As previously introduced, under typical reaction conditions, i.e. methanol:oil molar ratio 
between 6:1 and 12:1 (Ma & Hanna, 1999), a biphasic liquid system forms. Together with the 
poor immiscibility, the catalyst must straddle both phases to react and if improperly agitated 
much of it might remain at the bottom of the vessel (Maeda, et al., 2010). The incentive for 
heterogeneous catalysts is clear but a step change in reaction rate is required for this process to 
compete with homogeneous catalysis. 
Introducing a co-solvent to form a single phase solution could possibly increase the 
reaction rates to be competitive with a homogeneous catalyst.  
A total of six different solvents were tested, i.e. acetone, tetrahydrofuran, chloroform, 
ethyl acetate, dichloromethane and heptane. In Table 64 the solubility of the two 
transesterification products (FAME and glycerol) are reported for all the solvents 
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Table 64: Solubility at 60°C of FAME and glycerol in the six solvents tested: (S) soluble, (NS) non soluble. 
 
Solvents 
Acetone Chloroform Tetrahydrofuran 
FAME S S S 
Glycerol NS S NS 
 Heptane Ethyl acetate Dichloromethane 
FAME S S S 
Glycerol S NS NS 
Tetrahydrofuran (THF) is one of the most promising co-solvents because it completely 
dissolves methanol and triglycerides but not glycerol (Boocock, et al., 1998), which simplifies 
the recovery of this co-product. 
Previous studies considered THF as a co-solvent with a homogeneous catalyst, for which 
separation issues remain (Kim, et al., 2004). In another work, Sawangkeaw et al. (2007) used 
THF and supercritical methanol to transesterify palm oil. 
A first study on the amount of solvent on the biodiesel yield after 6 hours of reaction 
(60°C, 600 rpm) was made. The results are reported in Figure 46: 
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Figure 46: FAME yield Vs cosolvent amount after a reaction time of 6 h , (a):Acetone, (b) THF, (c):Ethyl acetate, 
(d): Chloroform, (e) Dichloromethane, (f): Heptane 
The FAME yield is relatively insensitive for THF, ethyl acetate, chloroform 
dichloromethane above 90 %. It drops significantly with increasing mass fraction of acetone 
and heptane. 
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In particular, in Table 65 the results of the test performed with the 10% by weight are 
reported and in Figure 47 it is shown a comparison between the results of this test and the one 
performed without acetone, i.e. using only CaO and thus working in a biphasic system: 
Table 65: Experimental results of the test performed with 10% by weight of acetone 
Time 
[min] 
Conversion 
[%] 
0 0.0 
60 27.0 
140 33.8 
190 57.6 
262 64.3 
360 66.9 
 
 
Figure 47: Comparison between the results performed with 10% by weight of acetone (empty points) and the ones 
performed with the typical heterogeneous catalytic process 
The lower conversion obtained with acetone could be ascribed to the reaction between 
acetone and methanol to give a hemiacetal, shown in Figure 48: 
 
Figure 48: Hemiacetal formation reaction scheme 
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This hypothesis was considered the most probable since a GC analysis after 6 hours of a 
mixture of methanol and acetone in the presence of catalyst gave as results, together with the 
peaks of the substances, two other peaks belonging to the hemiacetal and the acetal. The 
Chromatogram is reported in Figure 46: 
 
Figure 49: Chromatogram of the mixture methanol acetone in the presence of CaO after 6 hours 
Figure 50 compares the FAME yield after 6 h for each co-solvent for which the yield was 
at the maximum. 
 
Figure 50: FAME yield obtained using different co-solvents after 6h of reaction time. 
Figure 51 compares the reaction rates with each co-solvent, for which the yield was at the 
maximum. 
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Figure 51: Reaction rate of the best results obtained with each cosolvent: acetone (orange, 10%w), heptane (black, 
20%w), no solvent (light blue), chloroform (blue, 30%w), ethyl acetate (yellow, 20%w), dichloromethane (green, 30%w), 
THF (red, 30%w). 
The reaction rates with acetone and heptane are lower than without a co-solvent. FAME 
yields are higher with THF, ethyl acetate and the chlorinated ones showed higher FAME yield, 
and the rate of reaction are faster compared to the two-phase system (no solvent).  
n-Heptane is most likely a poorer co-solvent such that the oil and methanol essentially 
remains as a two-phase system. Higher concentrations of n-heptane exacerbate the system and 
may further dilute interfacial concentration between the MeOH in the oil, which reduces the 
reaction rate. Chlorinated solvents, even with high molecular weights, are known to be effective 
solvents and indeed increase FAME yield but are unlikely candidates for this application due 
to their toxicity. 
The yield and reaction rates were lowest for acetone; ketones self-condense when in 
contact with basic catalysts (noted also from the GC analysis, see ESI). Moreover, methoxide 
ions generated by the catalyst, can attack the carbonylic part of acetone since they are 
nucleophilic, which removes methanol from the transesterification reaction. We confirmed that 
ketones were poor co-solvents in a test with cylclohexanone; after 6 h, the yield of FAME was 
only 41%. Since the molecular weight of cyclohexanone is greater than that of acetone, we 
added less moles and maintained the same mass. Thus less methanol was consumed compared 
and the FAME yield was slightly better. 
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Another important feature that makes THF a promising solvent relates to its physic-
chemical properties. Its normal boiling point is similar to that of methanol (66°C and 64.2 °C, 
respectively) and they form an azeotrope (Russbueldt & Hoeldrich, 2009) that facilitates their 
separation from oil/BD at low temperature (57 °C), resulting in energy savings. Furthermore, 
both THF and methanol are recycled so there is no need to separate them. Recycling THF 
reduces any toxicity issues related to purifying it after each batch. We recycled catalyst and 
THF for three consecutive batch reactions. The equilibrium conversion was identical for each 
batch, which demonstrates that the catalyst performance is stable. 
In conclusion to this thesis part, heterogeneous catalysts is advantageous versus 
homogeneous catalysts. However, both yield and reaction rates are lower.  Adding co-solvents 
improve the immiscibility between the methanol and oil phase thereby reducing the mass 
transfer resistance. Not only is the reaction rate comparable to the homogeneous catalyst system 
the yield of FAME is slightly higher. THF is the most promising co-solvent for heterogeneous 
catalysis. Moreover, glycerol is insoluble in THF which makes it easier to separate and recover 
unreacted methanol and THF. Yields and reaction rates were lowest with ketones and 
hydrocarbons.  
  
 85 
Bioplasticizer, green chemicals of high added value 
As previously written in the Experimental section, firstly a brief study on the optimization 
of the operative conditions of the epoxidation reaction was performed, and the best operative 
parameters were chosen to prepare the bioplasticizer and evaluate which synthetic strategy is 
the best for obtaining a product with the highest OO possible. Firstly, the biodiesel was 
characterized by GC-FID analysis in order to obtain the acidic composition, its iodine number 
and the moles of double bonds (DL) per 100 g of substrate. The results are reported in Table 
66: 
Table 66: GC-FID analysis of soybean biodiesel 
Component 
 
Retention time 
[min] 
Area 
[-] 
Concentration 
[%w] 
STD 1.93 106920.7 - 
Methyl myristate 3.27 3330.2 0.44 
Methyl palmitate 4.72 144658.5 19.50 
Methyl stearate 7.43 30378.7 4.12 
Methyl oleate 7.93 278909.1 37.07 
Methyl linolate 8.91 241452.8 34.65 
Methyl linolenate 10.54 26945.0 4.22 
Equivalent IN 102.44 gI2/100g 
Moles DL/100g 0.25 mol/100g 
Soybean biodiesel main satured compound is represented by palmitic acid. Only a small 
fraction is constituted by methyl stearate that, having the same number of carbon of methyl 
oleate, is for sure very difficult to be distilled. The great part of the unsatured compounds is 
constituted by methyl oleate (one double bond per mole) and methyl linolate (two double bonds 
per mole).  
Epoxidation Reaction Condition Optimization 
In this paragraph the results on the optimization of the epoxidation reaction conditions 
are presented. 
In detail, the main parameters optimized were the amount of acetic acid, the amount of 
hydrogen peroxide, both expressed as molar ratio considering the moles of double bonds and 
the quantity of sulphuric acid (expressed as weight percentage on the aqueous phase). A total 
of ten experiments were performed and the results are reported in the following. 
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Test 1 
The first test was performed in the absence of catalyst, i.e. sulphuric acid. The operative 
conditions are summarized in Table 65: 
Table 67: Test 1, operative conditions 
MolesDB/100g 0.25 
Moles AA/ moles DL 1 
Moles HP/ moles DL 1 
Weight H2S04/weight AP 0 % 
T [°C] 60 
Agitation [rpm] 250 
The results obtained are reported in Table 68 and Figure 52: 
Table 68: Test 1, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.63 0.00 0.00 0.00 0.00 
2 65.98 0.10 0.10 2.58 98.58 
4 62.60 0.30 0.27 7.58 89.48 
6 58.75 0.52 0.35 13.26 67.34 
18 47.27 1.20 0.80 30.21 66.51 
27 31.40 2.15 1.03 53.64 47.79 
 
 
Figure 52: Test 1 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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As it can be observed, the absence of a catalyst slows the reaction, in fact a double bond 
conversion of 53% was obtained after 27 hours of reaction, while the selectivity drops since the 
epoxides formed further react to give by-products. 
Test 2 
The second test was performed adopting the same operative condition but using sulphuric 
acid as catalyst. The operative conditions are reported in Table 69: 
Table 69: Test 2, operative conditions 
MolesDB/100g 0.25  
Moles AA/ moles DL 1 
Moles HP/ moles DL 1 
Weight H2S04/weight AP 1 % 
T [°C] 60 
Agitation [rpm] 250 
Table 70 and Figure 53 summarize the experimental results. 
Table 70: Test 2, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
1 56.10 0.68 0.46 17.16 67.06 
2 48.29 1.14 0.88 28.71 76.99 
3 43.42 1.43 1.14 35.90 79.75 
4 38.70 1.71 1.44 42.85 83.28 
5 36.67 1.84 1.53 45.85 83.28 
6 33.74 2.01 1.71 50.19 85.19 
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Figure 53: Test 2 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
From the comparison between the results obtained in Test 1 and Test 2 results necessary 
to operate with a catalyst, in order to maintain the selectivity of the process high. This results 
was also confirmed from literature in a study on the epoxidation of vegetable oils (Abdullah & 
Salimon, 2010). 
Test 3 
The operative parameters are reported in Table 71: 
Table 71: Test 3, operative conditions 
MolesDB/100g 0.25 
Moles AA/ moles DL 0.5 
Moles HP/ moles DL 1.5 
Weight H2S04/weight AP 1 % 
T [°C] 60 
Agitation [rpm] 250 
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The experimental results are reported in Table 72 and Figure 54: 
Table 72. Test 3, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 64.07 0.00 0.00 0.00 0.00 
1 57.22 0.40 0.39 10.68 96.32 
2 50.67 0.79 0.83 20.91 105.17a 
3 44.40 1.16 1.11 30.69 96.02 
4 37.08 1.60 1.49 42.12 93.07 
5 34.67 1.74 1.66 45.89 94.98 
6 30.62 1.99 1.86 52.21 93.29 
a: this value is for sure overestimated due to an experimental error 
 
 
Figure 54. Test 3 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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Test 4 
In Test 4 the amount of hydrogen peroxide was increased. In Table 73 the operative 
parameters are reported: 
Table 73: Test 4, operative conditions 
MolesDB/100g 0.25  
Moles AA/ moles DL 0.5 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 1 % 
T [°C] 60 
Agitation [rpm] 250 
 
The results obtained are reported in Table 74 and Figure 55: 
Table 74: Test 4, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
1 57.97 0.57 0.46 14.41 81.29 
2 44.73 1.35 1.14 33.96 84.49 
3 37.18 1.80 1.65 45.10 91.54 
4 29.23 2.29 2.06 56.85 90.21 
5 23.52 2.63 2.39 65.28 90.70 
6 17.18 3.02 2.61 74.63 86.37 
 
 
Figure 55: Test 4 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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Comparing the results between Test 3 and Test 4 is useful to understand that the formation 
of peracetic acid is the rate determining step: in fact, increasing the amount of hydrogen 
peroxide results in higher double bonds conversion, while the selectivity remains high (93% 
and 86% respectively at 6 hours). 
Test 5 
In this experiment the amount of acetic acid was decreased compared to the one of Test 
4. The operative conditions are summarized in Table 75: 
Table 75: Test 5, operative conditions 
MolesDB/100g 0.25 
Moles AA/ moles DL 0.25 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 1 % 
T [°C] 60 
Agitation [rpm] 250 
The experimental results are reported in Table 76 and Figure 56: 
Table 76: Test 5, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
1 59.83 0.25 0.27 11.66 107.19a 
2 54.25 0.58 0.51 19.90 89.50 
3 50.36 0.81 0.77 25.65 96.10 
4.25 44.21 1.17 1.10 34.72 94.03 
5.25 40.94 1.37 1.33 39.55 97.06 
6 38.24 1.53 1.50 43.54 97.85 
a: this value is for sure overestimated due to an experimental error 
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Figure 56. Test 5 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
Test 6 
In this experiment the amount of acetic acid was increased, according to the operative 
parameters reported in Table 77: 
Table 77: Test 6, operative parameters 
MolesDB/100g 0.25 
Moles AA/ moles DL 1 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 1 % 
T [°C] 60 
Agitation [rpm] 250 
 
The results are reported in Table 78 and Figure 57: 
Table 78: Test 6, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
1 52.87 0.66 0.54 21.93 82.87 
2 46.02 1.06 1.27 32.06 119.23a 
3.5 21.69 2.53 2.07 67.97 81.75 
4 20.21 2.62 2.25 70.16 85.78 
5 15.52 2.91 2.51 77.08 86.20 
6 11.16 3.18 2.67 83.53 83.53 
a: this value is for sure overestimated due to an experimental error 
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Figure 57: Test 6 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
Tests 4-6 differ for acetic acid per double bond amount, from 0.25 to 1.  
Acetic acid takes part to every reaction involved in the system: from the synthesis of the 
epoxidizing agent, i.e. the peracetic acid, to the reactions that generate by-products, i.e. oxirane 
ring opening. In fact, double bond conversion and epoxide selectivity show invers trends. 
Test 7 
In this experiment the effect of temperature on the reaction was investigated. Milchert et 
al. (2009) for the epoxidation of rapeseed oil, identifying the optimal range between 50-60°C. 
The Authors found that increasing the temperature over 60°C the degradation of the epoxide 
ring occurred. For this reason I performed Test 7 at 50°C. In Table 79 the operative parameters 
are summarized: 
Table 79: Test 7, operative parameters 
MolesDB/100g 0.25  
Moles AA/ moles DL 0.25 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 1 % 
T [°C] 50 
Agitation [rpm] 250 
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The results obtained are reported in Table 80 and Figure 55: 
Table 80: Test 7, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
1 63.62 0.24 0.13 6.06 52.52 
2 58.75 0.52 0.28 13.26 53.72 
3 54.00 0.80 0.47 20.28 58.54 
4 52.71 0.88 0.57 22.17 65.14 
5 49.75 1.05 0.73 26.54 68.93 
6 47.89 1.16 0.84 29.29 72.09 
 
 
Figure 58: Test 7 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
Comparing Test 6 and Test 7, of course increasing the temperature a higher conversion is 
obtained since the reaction rates are enhanced. While at 60°C the selectivity remains constant, 
at 50°C the selectivity increases from time 0 to 6 hours. This could be explained considering a 
kinetic reason, either, because the formation of the epoxide is slowed down too or a physical 
reason, because of the lower solubility of peracetic acid in the biodiesel phase. 
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Test 8 
In Tests 8-10 the epoxidation reactions were repeated with an higher amount of catalyst. 
The operative conditions of this test are reported in Table 81: 
Table 81: Test 8, operative conditions 
MolesDB/100g 0.25  
Moles AA/ moles DL 0.25 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 2 % 
T [°C] 60 
Agitation [rpm] 250 
The results are reported in Table 82 and Figure 56: 
Table 82: Test 8, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
2 54.61 0.48 0.28 13.04 58.35 
3.5 41.23 1.28 0.95 34.35 74.23 
4 31.75 1.85 1.32 49.44 71.73 
5 23.53 2.35 1.59 62.53 67.78 
6 17.92 2.69 1.70 71.46 63.18 
 
 
Figure 59: Test 8 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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Test 9 
The operative conditions are summarized in Table 83: 
Table 83: Test 9, operative parameters 
MolesDB/100g 0.25  
Moles AA/ moles DL 0.5 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 2 % 
T [°C] 60 
Agitation [rpm] 250 
The experimental results are reported in Table 84 and Figure 60: 
Table 84: Test 9, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
2 49.41 0.79 0.67 21.33 85.24 
3 24.67 2.28 1.75 60.72 76.77 
4 11.67 3.08 1.95 89.57 54.96 
5 6.55 3.40 1.87 89.57 54.96 
6 2.31 3.66 1.98 96.31 54.15 
 
 
Figure 60: Test 9 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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Test 10 
The operative conditions are reported in Table 85: 
Table 85: Test 10, operative conditions 
MolesDB/100g 0.25  
Moles AA/ moles DL 1 
Moles HP/ moles DL 2.5 
Weight H2S04/weight AP 2 % 
T [°C] 60 
Agitation [rpm] 250 
 
The experimental results are reported in Table 86 and Figure 61: 
Table 86: Test 10, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 67.73 0.00 0.00 0.00 0.00 
1 34.29 1.77 1.12 45.40 63.21 
2 9.44 3.25 2.46 84.96 75.58 
3 2.98 3.63 2.36 95.26 65.06 
4 0.49 3.78 1.65 99.22 43.63 
6 0 3.81 1.12 100 29.34 
 
 
Figure 61: Test 10 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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In Table 87 is reported a comparison between the conversions and selectivity obtained in 
Tests 4-6 and Tests 8-10: 
Table 87: Double bond conversion and oxirane selectivity comparison 
 Test 4 Test 5 Test 6 Test 8 Test 9 Test 10 
DB 
Conversion 
[%] 
43.54 71.46 74.63 96.31 83.53 100 
OO 
Selectivity 
[%] 
97.85 63.18 86.37 54.15 83.83 29.40 
The higher the catalyst concentration, the higher the double bond conversion. The 
peracetic acid formation is of the first order towards acetic acid, hydrogen peroxide and H+ 
concentration (Zhao, et al., 2007). On the other hand, the presence of a high acid ambient 
promotes the formation of by-product. For this reason, the selectivity decreases when the 
concentration of sulphuric acid is raised.  
All the experimental results, together with the reaction yields are summarized in Table 
88: 
Table 88: Summary of the experiments performed for the epoxidation reaction optimization 
Test 
Molar ratios Results at time= 6 h 
AA HP Catalyst 
OO 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
Yield 
[%] 
1 1 1 - 1.03 53.64 47.79 25.63 
2 1 1 1 1.71 50.19 85.19 42.75 
3 0.5 1.5 1 1.86 52.21 93.29 48.71 
4 0.5 2.5 1 2.61 74.63 86.37 64.46 
5 0.25 2.5 1 1.50 43.54 97.85 42.60 
6 1 2.5 1 2.67 83.53 83.83 70.02 
7 0.25 2.5 1 0.84 29.29 72.09 21.11 
8 0.25 2.5 2 1.70 71.46 63.18 45.15 
9 0.5 2.5 2 1.98 96.31 54.15 52.16 
10 1 2.5 2 1.12 100 29.34 29.34 
The best operative conditions chosen are the one of Test 4, because both the conversion 
and the selectivity resulted high (higher than 80 %), obtaining a final epoxidation yield of 64%. 
In addition, Test 6 results was very good, but the lower (even if of a little) selectivity towards 
OO pushed me to choose the conditions of Test 4. 
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Strategy A: Distillation and Epoxidation 
After the experimental conditions for achieving the highest epoxide yield possible, the 
next part of the work was aimed to the study of the best strategy in order to obtain a final product 
with a high OO. The first strategy considered consisted in the biodiesel distillation, in order to 
remove the satured methyl esters and epoxidize a substrate rich in double bonds. 
The distillation is a promising separation since great part of the satured esters is 
constituted by the more volatile molecules, i.e. methyl myristate and methyl palmitate. Methyl 
stearate shows unfortunately a volatility very similar to the one of methyl oleate and thus is 
more difficult to be separated. Another technique that could be very useful for separating methyl 
stearate and methyl palmitate is the crystallization (Duane, 2012).  
A first distillation was performed evaporating all the biodiesel except the products 
impossible to be distilled (that resulted the 5% by weight), i.e. polar lipids, phytosterols, 
tocopherol, high molecular weight hydrocarbons, pigments and minerals (Yu, et al., 1998). This 
was due to study the influence of these products on the epoxidation reaction. 
In Table 89 the results of the total distillation of biodiesel is reported: 
Table 89: Results of the total distillation of biodiesel 
Component 
Concentration in Biodiesel 
[%w] 
Concentration in Totally 
Distilled Biodiesel [%w] 
Methyl myristate 2.09 1.79 
Methyl palmitate 24.87 24.61 
Methyl stearate 17.18 16.81 
Methyl oleate 39.94 40.38 
Methyl linolate 14.58 14.99 
Methyl linolenate 1.33 1.42 
This substrate, that hereinafter will be called total distilled biodiesel, was epoxidized at 
different conditions, in order to study at different conditions the double bond conversions and 
epoxide selectivity. The results are reported in the following. 
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Test 11 
In Test 11 I used the same operative conditions of Test 4, reported in Table 73. The 
experimental results are reported in Table 90 and Figure 62: 
Table 90: Test 11, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 56.27 0.00 0.00 0.00 0.00 
1 47.24 0.53 0.58 16.06 109.32a 
2 40.42 0.94 1.05 28.18 111.12a 
3.25 31.70 1.47 1.47 43.67 100 
4.25 26.78 1.77 1.81 52.40 102.80a 
5 21.97 2.06 1.98 60.96 95.97 
6 17.72 2.32 2.21 68.52 95.08 
a: this value is for sure overestimated due to an experimental error 
 
Figure 62: Test 11 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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Test 12 
In Test 12 the same operative conditions of Test 5 were used, reported in Table 75. 
The experimental results are shown in Table 91 and Figure 63: 
Table 91: Test 12, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 64.07 0.00 0.00 0.00 0.00 
2 54.25 0.58 0.51 15.32 89.50 
3 50.36 0.81 0.77 21.40 96.10 
4 44.21 1.17 1.10 30.99 94.03 
5 40.94 1.37 1.33 36.09 97.06 
6 38.24 1.53 1.50 40.31 97.85 
 
 
Figure 63. Test 12 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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Test 13 
In Test 13 the operative conditions of Test 3 were repeated on total distilled biodiesel, 
following the operative conditions reported in Table 71. The experimental results obtained are 
reported in Table 92 and Figure 64: 
Table 92: Test 13, experimental resuts 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 62.31 0.00 0.00 0.00 0.00 
1 53.41 0.52 0.60 14.26 115.33a 
2 45.90 0.97 1.05 26.34 108.91a 
3.3 36.30 1.54 1.62 41.75 104.91a 
3.9 33.97 1.68 1.77 45.48 105.30a 
5.5 26.27 2.15 2.20 57.84 102.10a 
a: all the values are for sure overestimated due to an experimental error, the selectivity can be supposed equal to 100% 
 
Figure 64. Test 13 experimental results 
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Test 14 
This last Test was performed using the same conditions of Test 6, reported in Table 77. 
The experimental results are reported in Table 93 and Figure 65: 
Table 93: Test 14, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 62.19 0.00 0.00 0.00 0.00 
1 52.38 0.58 0.62 15.77 108.12 
2 37.36 1.47 1.55 39.92 105.46 
3.75 22.06 2.40 2.40 64.53 99.94 
4.25 17.00 2.71 2.50 72.66 92.15 
5 12.44 2.99 2.68 80.00 89.55 
6 8.06 3.27 2.86 87.05 87.56 
 
 
Figure 65. Test 14 experimental results, DB conversion (circles) and OO selectivity (diamonds) 
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The epoxidation reaction results are reported for both biodiesel and total distilled 
biodiesel in Table 94: 
Table 94: Comparison between the epoxidation of biodiesel and total distilled biodiesel 
Operative 
conditions of 
Substrate 
OO at 6 h 
[gO/100g] 
Conversion at 
6 h 
[%] 
Selectivity at 
6 h 
[%] 
Yield 
[%] 
Test 4 
Biodiesel 2.61 74.63 86.37 64.46 
Total distilled 
biodiesel 
2.21 68.52 95.08 65.14 
Test 5 
Biodiesel 1.50 43.54 97.85 42.60 
Total distilled 
biodiesel 
1.50 40.31 97.85 39.44 
Test 3 
Biodiesel 1.86 52.21 93.29 48.70 
Total distilled 
biodiesel 
2.20 57.84 >99 57.84 
Test 6 
Biodiesel 2.67 83.53 83.83 70.02 
Total distilled 
biodiesel 
3.27 87.05 87.56 76.22 
The results showed that a possible influence of this traces compound exists. In particular 
for the optimized reaction conditions (last raw of Table 94) the selectivity of the reaction is 
significantly higher which means that one of more of these components (probably the polar 
lipids since that they are present in the biodiesel phase and possess a charge that can open the 
epoxide ring) act on the epoxide ring formed decreasing the selectivity of the reaction. This 
information is in any case very interesting for understanding the epoxidation reaction. 
Another important aspect is that, since also pigments were separated from the mixture, a 
pale yellow product was obtained, where the non distilled biodiesel is orange. The color of the 
substrate seem a meaningless thing, but it is a very important aspect of the final product. 
After this experiment, a brief investigation on the distillation of biodiesel was carried out. 
In particular a distillation curve was obtained, to understand at which temperature operate the 
fractionation of biodiesel. More in detail, the pressure of the apparatus was kept at a constant 
value of 450 mtorr and the reboiler temperature fixed to a certain value and raised only when 
the mixture in the reboiler was not boiling. This because, since the more volatile components 
distillate, the mixture in the reboiler changes its composition during the distillation and, since 
the concentration of heavier components increase, a higher temperature is needed to make the 
mixture boil again. Every fraction was collected and analyzed. 
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The experimental results of this first distillation curve are reported in Table 95 and Figure 
66: 
Table 95: Distillation curve of soybean biodiesel 
Fraction 
0 
(initial 
biodiesel) 
1 2 3 4 5 6 
Mass 
[g] 
180.56 6.80 7.03 10.28 7.41 133.11 15.93 
Temperature 
[°C] 
25 176.8 182 184.2 185.3 193 200 
M
o
la
r 
Fr
ac
ti
o
n
 C14* 0.44 6.27 1.34 0.15 0.35 0.00 0.00 
C16 19.50 70.19 68.75 67.97 63.89 11.53 0.00 
C18 4.12 0.73 14.33 15.31 17.17 4.06 10.98 
C18:1 37.07 10.71 14.06 14.96 16.77 41.37 52.08 
C18:2 34.65 10.88 1.52 1.61 1.82 38.78 33.26 
C18:3 4.22 1.22 0.00 0.00 0.00 4.26 3.68 
*: the acronyms reported in this column represents the same component of Table 89. in particular the first number is 
the number of carbon of the FFA while the second number, after :, is the number of insaturations present in the molecule. 
 
Figure 66: Biodiesel distillation curve, experimental results 
A reboiler temperature of 188 °C was chosen to make all the distillations.  
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A comparison between the biodiesel as it is and a sample of distilled biodiesel with the 
operative condition described (P= 450 mtorr and T= °C) is reported in Table 94: 
Table 96: Distillation of biodiesel, experimental results and comparison between non distilled biodiesel 
Component 
Concentration in Biodiesel 
[%w] 
Concentration in Distilled 
Biodiesel 
[%w] 
Methyl myristate 2.09 0.00 
Methyl palmitate 24.87 0.85 
Methyl stearate 17.18 3.43 
Methyl oleate 39.94 58.84 
Methyl linolate 14.58 29.33 
Methyl linolenate 1.33 7.56 
From the comparison of the results in Table 96, it could be concluded that the conditions 
used permitted to obtain a substrate with a high IN, i.e. highly concentrated in double bonds, 
that is very promising for obtaining a high value bio-plasticizer.  
The epoxidation reaction with the operative condition of Test 4 (see Table 73) gave the 
results reported in Table 97 and Figure 64: 
Table 97: Epoxidation of distilled biodiesel, experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 120.60 0.00 0.00 0.00 0.00 
1 93.80 1.66 1.19 22.23 71.69 
2 63.44 3.48 2.19 47.39 63.05 
3 43.77 4.62 3.01 63.71 65.26 
4 25.98 5.63 3.61 78.46 64.16 
5 17.18 6.12 3.92 85.75 64.10 
6 9.55 6.54 4.25 92.08 64.97 
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Figure 67. Experimental results of the distilled biodiesel epoxidation, DB conversion (circles) and OO selectivity 
(diamonds) 
Compared to Test 4, the epoxidation of distilled biodiesel gave a higher conversion of 
double bonds but a lower selectivity (even if the value is stable during the time compared to the 
one of Test 4 that decreases). A possible explanation could be the double bounds concentration, 
that in distilled biodiesel is doubled, and this can lead to a higher conversion and thus also to 
an increased number of by-products. 
Another hypothesis is that the satured part, that was almost completely removed from the 
substrate, could not play a “solvent effect” role.in other words the satured methyl esters might 
act such in a way to decrease the oxirane ring opening, probably decreasing the solubility of 
polar molecules like water in the biodiesel phase.  
To deeply investigate this aspect, some experiments were performed for understanding 
the effect of the satured components performing the epoxidation reaction on distilled biodiesel 
in the presence of a solvent. 
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Effect of satured fatty acid esters 
In order to choose the most convenient solvent a simulation on the solubility of acetic 
acid in biodiesel in presence of some solvents was carried out using PRO/II, setting as 
thermodynamic system the model UNIFAC (Fredenslund, et al., 1975).  
In particular in the simulation the same amount of reagents of Test 4 was set and 4 
different kind of solvents were tested, i.e. hexane, cyclohexane, toluene and methyl 
dodecanoate, this latter was considered a substitute of the satured methyl esters.  
The results in terms of solubility of acetic acid in the organic (biodiesel) phase was: 
Hexane<Cyclohexane<Toluene<Methyl dodecanoate 
In other words the higher the polarity of the molecule, the higher the solubility of acetic 
acid in the mixture is. Since the satured esters were eliminated by distillation, the acetic acid 
solubility was enhanced by the presence of unsatured compounds, that are slightly more polar. 
It was then decided to operate an epoxidation using hexane as solvent, using it in the same 
quantity of the methyl esters distilled. The same operative conditions of Test 4 were used. In 
this case, before the analysis of every sample, the solvent was evaporated al low temperature 
under vacuum. The experimental results are reported in Table 98 and Figure 68: 
Table 98: Epoxidation of distilled biodiesel using hexane as solvent. Experimental results 
Time 
[h] 
IN 
[gI2/100g] 
OOthe 
[gO/100g] 
OOexp 
[gO/100g] 
Conversion 
[%] 
Selectivity 
[%] 
0 120.60 0.00 0.00 0.00 0.00 
1 95.23 1.57 1.05 21.03 66.59 
2 60.23 3.67 2.29 50.06 62.50 
3 43.64 4.63 3.03 63.81 65.78 
4 29.70 5.42 3.63 75.37 67.01 
5 19.76 5.98 4.09 83.62 68.39 
6 10.93 6.47 4.78 90.93 73.99 
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Figure 68: Epoxidation of distilled biodiesel using hexane as solvent. Experimental results. DB conversion (circles) 
and OO selectivity (diamonds) 
While the double bonds conversion does not change dramatically, the selectivity towards 
the epoxide is increased, showing that the presence of a solvent is positive for obtaining a 
bioplasticizer with a high OO. Moreover, the great advantage of a solvent like hexane is that it 
can be very easily separated from the mixture and reused.  
Strategy B: Epoxidation and distillation 
Another strategy for increasing the OO value of epoxidized biodiesel, that is not 
comparable to the one of commercial bio plasticizer as reported in the following, is the 
separation of the unreacted molecules after the epoxidation reaction.  
The epoxidized molecules, due to the presence of the oxygen, result far less volatile than 
the methyl esters and for this reason remain concentrated in the reboiler. Epoxidized biodiesel 
obtained from Test 4 was distilled using the batch apparatus described in the Experimental 
Section. In order to avoid high residence time in the reboiler of the bio plasticizer the reboiler 
temperature was set to 190 °C. Considering the conversion obtained, about the 30% of the 
mixture should be distilled. No samples were withdrawn. The experimental results are reported 
in Table 99: 
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Table 99: Distillation of bio plasticizer, experimental results 
Sample 
OO 
[gO/100g] 
Sample 
Test 4 
2.21 
Reboiler 3.14 
Distillate 1.07 
The results showed that the efficiency of the distillation equipement was insufficient to 
avoid the epoxidized compound to evaporate. However, using the vigreaux, the time needed for 
the distillation was too high and all the epoxide degraded. 
Some improvements that could help the process are: 
 The optimization of the distillation, increasing the stages number using a 
structured packing instead of a vigreaux column. 
 The reduction of the time needed for completing the distillation, further 
decreasing the pressure of the system, which reduces the tboiling temperature of 
the mixture and increase the volatility between non reacted components and 
epoxides. 
 The use of alternative separation techniques, i.e. crystallization or the thin layer 
evaporation. 
Another important aspect that should be highlighted, is that the color of the bio plasticizer 
in the reboiler change from a pale yellow to brown, depending on the time needed for the 
distillation. 
Comparison between commercial samples 
Finally, a comparison between the two bio plasticizer prepared with the two strategies 
were compared with two commercial bioplasticizer. 
The first one considered is NPPX, a product that is commercialazied in India and China. 
It is characterized by a high viscosity and a pale yellow color. The second one is an Arkema® 
product, named REFLEX-100, which is colorless and with a medium viscosity. The oxirane 
oxygen number of these two plasticizer is compared to the ones of the two bio-plasticizer 
prepared with the two strategies in Table 100: 
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Table 100. Comparison between the OO content of commercial bioplasticizer and the ones prepared with the two 
strategies 
Sample 
OO 
[gO/100g] 
NPPX® 4.96 
REFLEX-
100 
6.38 
Strategy 
A 
4.78 
(using 
hexane) 
Strategy 
B 
3.14 
The best commercial product is the one of Arkema, which is a leader company in 
chemicals. However, the bio-plasticizer prepared with Strategy A possesses an amount of 
epoxides similar to the one of NPPX and thus it is already a good product. Moreover the reduced 
number of satured compounds compared to NPPX makes it a higher grade plasticizer because 
phenomena like the diffusion of these latter compounds through the polymer matrix. 
Considered the reaction used for the epoxidation of biodiesel and the separation technique 
adopted, i.e. batch distillation, the Strategy A resulted the best for obtaining the highest OO bio 
plasticizer. 
Further improvements in the epoxidation reaction are necessary to reach a product 
comparable to REFLEX-100, but the results are very promising. 
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Conclusions 
In conclusion, to this thesis it is possible to say that, even if the biodiesel production 
process has been known for years, some innovations and contribution to the state of the art 
could be found from this work. 
The operative condition used for both the deacidification and the transesterification are 
not standardized and optimized from literature. In particular it was demonstrated that some 
works were operated in disadvantageous operative conditions, i.e. using a too high excess of 
methanol. Working in a monophasic system for both the deacidification (limiting the amount 
of methanol to a molar methanol:free fatty acid ratio of 5) and the transesterification (using a 
cosolvent) lead to very satisfactory results, obtaining an oil suitable to be transesterified and an 
heterogeneous transesterification process that gave yields comparable to the homogeneous 
catalyzed process. 
At the same time, it was demonstrated that at mild operative conditions, the high added 
value products contained in crude oils could be separated making the whole process 
economically sustainable. 
Finally, a possible improvement of biodiesel to valuable chemical was studied. In 
particular the synthesis of epoxidized biodiesel was firstly optimized and then performed on 
biodiesel and distilled biodiesel, obtaining with this latter substrate a product with an epoxide 
content comparable to a commercial product, giving positive suggestion for its application as 
bioplasticizer. 
Generally, since the society and the scientific committee are giving more and more 
attention towards biofuels and biochemical, and this work hopefully contributes to the advances 
of our society to a new and more sustainable World. 
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quello che so e te ne sono veramente grato. Grazie per avermi passato infinite volte la lista delle 
pubblicazioni, per aver chiuso un occhio davanti a tutte le porcate che ho fatto e per avermi 
sempre dato una mano quando necessario. Ogni tuo “fa cagare” o “non va bene rifallo da capo” 
mi ha insegnato qualcosa e mi ha migliorato. Accetta questo consiglio per favore: continua così 
come stai andando che sei il migliore qui dentro, cerca di dare più 30 e di essere meno pignolo 
solamente. Sono il chimico che sono soprattutto grazie a te. Non a caso ti ho dedicato questo 
lavoro; senza il tuo aiuto non sarebbe nemmeno degno di essere pubblicato su Topolino. 
Confermo parola per parola. Sei una saggia guida e un sincero amico. 
È riduttivo usare solo le parole per Alberto Comazzi. Il cucciolo. Buongiooornooo. Senza 
di te questo lab non sarebbe niente. Abbiamo condiviso veramente infinite esperienze, dentro e 
fuori dal laboratorio. Sei una persona veramente in gamba e hai il mio rispetto. Imbattibile 
quando si parla di impianti e di bell’aspetto, Alberto Comazzi giunse un giorno qualunque in 
questo laboratorio facendosi immediatamente riconoscere. Come me sei stato scelto per fare 
qui la tesi, come me hai portato a termine una ricerca e creato un nuovo filone in un anno, come 
me hai scelto di rimanere per il dottorato. Nessuno più di te merita lode e gloria. Parallelamente 
ai tantissimi lavori realizzati a livello scientifico e lavorativo, ho trovato in te un vero amico, 
una persona che porta sempre un sorriso e solare. I rigatini, la musica a manetta, i complotti 
contro di noi, le merendine rubate a Carlo il premio per il miglior poster (il mio, quello finto) e 
l’epopea per avere un nostro ufficio sono alcuni tra gli infiniti ricordi che mi porterò dietro per 
sempre. Mi piange il cuore pensare che tra pochi mesi non potrò alzare lo sguardo e senza 
parlare avere immediatamente l’ok di risposta per il caffè. Grazie veramente di tutto. Sei un 
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eroe. Scusami se non mi dilungo oltre. Ci sarebbe da scrivere un libro su quanto il mio dottorato 
sarebbe stato incolore senza di te. Grazie mille per tutto. Solo alcune delle nostre avventure: 
abbiamo preso un giardiniere che stava lavorando fuori UniMi e dietro pagamento di cappuccio 
e brioches ci ha tagliato il prato davanti al capanno, abbiamo investito da ubriachi brugola, 
abbiamo creato il nostro magico ufficio con tanto di targhette, abbiamo fatto razzia di vetreria 
e reagenti in tutti i laboratori, abbiamo superato infiniti complotti, abbiamo scroccato a Zure 
infinite colazioni, abbiamo ascoltato a nastro le canzoni trash di Rosario Muniz e abbiamo 
aiutato Amos nel momento del bisogno. La nostra amicizia è infinita. 
Un’altra persona fondamentale da ringraziare è Sebastiano de Vecchi. Nonostante tu sia 
nato come polimeraio sei diventato impiantista esperto. Parliamoci chiaro, hai mostrato agli 
ingegneri di che pasta sono fatti i chimici industriali veri. Sei uno dei miei migliori amici. Dal 
primo anno nonostante ossa rotte qua e là ti sei fatto strada senza troppi problemi. Sei una 
persona brillante, come Carlo e Alberto anche tu mi hai e mi stai insegnando tanto. Sei un 
collega brillante ed un eccellente compagno di allenamento. Nulla da dire, diventeremo dei 
pezzi grossi…o al limite solo grossi ma ci sta bene uguale. Grazie per gli aperitivi, grazie per il 
tempo grazie per tutto. Di me amico mio non ti liberi.  
Stefano Nucci, Brugola, che aggiusta cose e sentimenti, Baloncito, Pallino, Puntino. Mille 
volti, una certezza. Una delle migliori persone che abbia mai conosciuto. Da solo hai contribuito 
per 1/3 della tesi. Hai svolto un lavoro eccezionale in questo laboratorio, sempre disponibile 
per tutti. La tua leggenda verrà tramandata per sempre qui dentro. Sono felice che rimaniamo 
in contatto. Sei insieme a me e ad Alberto membro del trio Troglo (ok nome veramente infelice), 
ma quante risate. Nonostante non siamo andati in Malesia abbiamo fatto comunque tanta strada 
qui dentro. Eri il primo ad entrare in laboratorio e l’ultimo ad uscire. Rimarrai per sempre un 
esempio. Ti ho sempre ammirato e stimato (anche per il tuo bellissimo sedere). Non mollare 
con il ballo country che sei portato per quello. 
Ho ringraziato troppi uomini. Il laboratorio non sarebbe stato memorabile senza il 
contributo femminile. Le nostre muse. Una in particolare. Jessica Maiuolo. Hai fatto tutto il 
tirocinio qui dentro senza parlare, sulle tue. Ho scoperto infine che abiti a tre minuti a dire tanto 
da casa mia (che belle le nostre campagne vero?) e grazie ad una serie di infauste circostanze 
(gente che col navigatore ci abbandona soli in mezzo a Milano senza una direzione, la nebbia e 
qualche inversione a U di troppo) siamo diventati amici. Sei una persona brillante e non hai 
idea di come son contento di averti conosciuta. Sei sempre stata l’esponente di punta del trio 
del brio. Mi sono e mi troverò sempre bene con te Je. Ti meriti tutto quello che di bello ti sta 
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succedendo e anche di più e credimi quando dico che sono contentissimo che ogni tanto ci 
sentiamo con la stessa gioia e vivacità di sempre!  
La seconda donna che devo ringraziare è in effetti la prima citata. Valeria, abbiamo 
iniziato insieme l’Università, abbiamo iniziato insieme tesi e dottorato. Senza di te ora come 
ora non avrei in mano niente lo sappiamo tutti e due. Sei sempre stata di fondamentale supporto 
a livello burocratico e personale. Nonostante tu mi abbai detto più volte “Ti odio idiota!” che 
“Ciao” non ci credo nemmeno per un secondo. Sei sempre stata gentile con me e ho sempre 
passato volentieri con te le poche ore di corsi Ph.D che ho frequentato. Grazie per tutte le firme 
che hai messo al mio posto, grazie veramente. In bocca al lupo per tutto. Esci di qui con la testa 
alta…più alta di tutti. 
Un grazie a tutto il board del laboratorio impianti. Claudia (Prof), prima o poi imparerò a 
darti del tu. Grazie per avermi dato l’opportunità di lavorare qui. Sei sempre stata disponibile 
e, nonostante la tua passione per le olive, hai sempre avuto un occhio di riguardo per noi Ph.D. 
Stefania, non ho avuto l’opportunità di lavorare con te ma forse ci sarà. Antonieta e Saretta, 
Marta, due anni di cui 6 mesi in Canada mi han regalato una amica. Grazie per averci sopportati. 
Benedetta, sei fuori di testa. Ma è stato veramente divertente lavorare con te ore infinite al SEM. 
Grazie per tutto.  
Un altro ringraziamento al gruppo PoliMi. Flavio Grandissimo Manenti, che non 
ringrazierò mai abbastanza per avermi dato la possibilità di lavorare per un anno come 
assegnista PoliMI, Michele TheMaster Pandistelle Corbetta, Davide Dave Papasidero, 
Francesco Frank Rossi Buzzi-Ferraris, Andrea Bax Bassani, Andres, Alessandro Rosengart, la 
Zoreh e tutti i SuPER tesisti. Ho imparato tanto da voi e ho trovato non solo colleghi ma grandi 
amici. Gli ingegneri se sono come voi non sono cosi tristi come si dice. Abbiamo una vita di 
aperitivi davanti, dovunque sarete nel mondo.  
Un grazie particolare al Professor Ragaini, ho avuto l’onore di essere stato suo alunno e 
di avere condiviso interessantissime discussioni scientifiche. Nonostante sia in pensione la 
passione per l’insegnamento e la chimica sono sempre vivissimi. Un esempio. 
Il gruppo che merita veramente di essere ringraziato è questo: quello dei tesisti e 
tirocinanti, il lab è sulle vostre spalle. Senza la collaborazione di ognuno di voi nessuno di noi 
riuscirebbe a combinare tanto. Siete la colonna portante della scienza e ve ne sono grato. Spero 
di essere riuscito anche a ficcarvi qualcosa in testa. Spero di ricordarmi tutti, non si offenda chi 
solo per un errore di disattenzione non è stato inserito nella lunga lista. Voglio partire da Stiv, 
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Simone Stivanello, che agitava le bombole d’aria per sapere se fossero piene o meno, il mitico 
duo Covellone/Villoresi, ne avete combinate più voi due di tutti gli altri ringraziati in sto 
capoverso, Simone Cane, ho fissa nella memoria la foga con la quale hai mangiato uno stinco 
di maiale in 1 minuto, sei veramente in gamba, grazie per il tuo lavoro durato molto più di tre 
mesi. Simone Bighouse Casagrande, integerrimo, un eroe che insieme a Federico Sacco era qui 
in Agosto a lavorare. A proposito di eroi, grazie veramente a Stefano Lipari Licari, che ha 
lavorato prendendo in mano la colonna di assorbimento conciata com’era e ne ha tirato fuori 
un impianto sul quale adesso gli studenti studiano, hai lottato col principio dei vasi comunicanti 
per un po’. Ma hai vinto tu. Dico grazie anche a Marco Jigen Cappelletti, un super portiere nelle 
partite di calcetto e sempre di compagnia la mattina al bar. Grazie per avere assistito il lavoro 
sulla colonna. Grazie a Elisa Cacciatore. Grazie a Marco Chierichetti, un artista col PFR e con 
Candy Crush (Saga), Davide Carnevali che mi ha spianato la via per Montreal, Cristiano 
Maesani che nonostante la passione per la crema per le mani è stato un grande insieme a Luca 
Bonfanti, non è da poco fare un lavoro e poi riuscire a pubblicarlo in un anno. Voi due ci siete 
riusciti. Grazie a Daniele Crippa e a Gabriele Sergi, siete adorabili. Sofia Capelli ti devo 
ringraziare con qualche parola in più, hai creato una tesi dal nulla, l’hai portata avanti sola e 
rappresenti il futuro del gruppo. Son contento che hai deciso di fare il dottorato. Avrai una 
carriera folgorante. Grazie a Anisolo e Serpentello, una coppia che scoppia, Ivan Chiriatti 
maestro di arti marziali più buono al mondo e titano per definizione, grazie a Daniele Porcaccio 
Procaccio, colui che ha più manualità di tutti qui dentro e grazie a Cristina per essere sempre 
cosi tenera. Grazie ad Arianna Restelli, hai sempre avuto un sorriso per tutti e hai condotto un 
lavoro fenomenale per essere stata una tirocinante. Son felice che torni qui. Vorrei ringraziare 
anche Ombretta Locci e Mattia Colombo, sono contentissimo di avervi conosciuti e anche voi 
siete stati ottimi tirocinanti, senza mai lamentarvi avete portato a termine i lavori assegnati con 
destrezza. Grazie a Manuel Sassi Sistemi Sassi che ha coordinato o almeno ci ha provato tutti i 
tirocinanti del biodiesel. Grazie a Emad che ha messo tanto impegno in una tesi non facile. 
Grazie al giovane Padawan Marco, finalmente ricordo il tuo nome, sei un nerd, un titano 
anomalo e devo dire che mi hai fatto sempre divertire. Avanti cosi amico mio, l’inverno sta 
arrivando. Christian Pendolare dell’amore Perniciaro, mio diretto successore all’Hàla. L’hai 
trattata bene, gli impianti per te ora non hanno segreti. Grazie a Sansone, Ferrarese, Ivan Enei, 
Blu, Silvia Mansi, Lorenza Mariani, il grandissimo Mammo, le due regine del lab in questo 
ultimo perido, Alessandra (Fedeeee) e Giulia, sei tenerissima, la Ros, Giulia Garlaschelli, Edo, 
Gianma, Arlind, Elisa Blu, Martina Riva, la mitica Sam, Marta Invernizzi, Valentina Rizzi, 
Enrico Colombo, Valeria Passoni, Mattia Redaelli, Ferrando, Marta Riccia, Nicolas Thomas 
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Livraghi, un vero numero uno (scrivo questa tesi dopo la prima giornata di campionato dove la 
mia inter grazie a jovetic ha purgato la tua Atalanta), Ale Rogora, Airoldi Michele, che dalla 
vita ha avuto tanto. Unico al mondo che si è laureato in tuta. Angelo Pilone Rocca, Jasmine e 
Opossum e Silvia Zaha. 
Un piccolo grande grazie ai tesisti/tirocinanti del futuro Dalma e Luca, state per entrare 
in un gruppo unico al mondo. Grazie in anticipo, son sicuro che non deluderete nessuno. 
Una citazione speciale al senatore Amos Beretta, io da qui non esco finché non ti laurei, 
fosse l’ultima cosa che faccio ok? E ce l’ho fatta 
Grazie a Igor Pagnoncelli, Maestro di Eleganza e Virtù. Un cultore mio pari della saga 
fantozziana. Sei stato una colonna per questo laboratorio e sarai presto una guida per tanti 
studentelli. In bocca al lupo per tutto amico mio. 
Un grazie agli amici canadesi con i quali ho passato i 6 mesi all’estero. Grazie a Gregory, 
grande Professore e a Daria, che mi ha aiutato tantissimo. Grazie a Christian e Cristian, Mahesh, 
Marjan, Jaber, Samira, Pablo, Enoch, Jenni, He, Charles, Patrice. 
Un grazie speciale a Cristina Peretti, che ho conosciuto attraverso un intensissimo 
scambio di email per avere supporto tecnico nei software SimSci (non perché non siano buoni, 
perché io sono proprio negato). Grazie mille per il supporto, per avermi invitato a Roma come 
speaker e per il regalo. In bocca al lupo per tutto anche se non ti serve perché sei bravissima. 
Parallelamente alla sfera lavorativa è necessario ringraziare tutto il personale non docente 
e tutti gli amici che in questo postaccio hanno reso le cose meno difficili. Provo a nominarvi 
tutti perché liquidarvi in due righe è di troppo poco rispetto. Grazie mille veramente a Caterina 
(ciao bellooooo), alla Patti, a Deborah e alla mitica Agostina, a Francesco e Richi. Un grazie 
non basta per Giovanni Zuretti e Carlo Manassero, compagni di merende, Natalia exMainagioia 
Pascal, Fadu, Marta e Federica, Trinchera, il suo sottoprodotto e il sottosottoprodotto, Stortini 
e Spontoni, la Mavi, Stucchi Mattia e la Giulia, Valentina Sabatini, tutti e dico tutti gli studenti, 
Paolo Carniti, Fabio, Valentino, Tatiana, Annina e il Rosso, Susi, al mitico Marco Campi, 
Lanzani, Ciurlia e la signora Michela, cioè la bibliotecaria più gentile di sempre, Josè e Matteo, 
Mariella macchinetta del caffè (son dimagrito), Melinda, Alvaro, Lay, Ivan, la Moratti, Giso, 
Elio Corno, Gornati il mio fan, Fatone e Nicola, il Prof Moggi, Federica Gherardi e Martina 
Cecilia e Annalisa Pirola, Stefania, Pasquale, Simona El Afefy, Tato, tutti i ragazzi del calcetto, 
Ester, Valentino ciliegia Capucci, Matteo Marzo, Termignone, il Prof Sivieri, Falciola, Alex 
Minguzzi, Stefania Marzorati, Ceotto, Serena Fiore Capelli, Prof Quici, la Bocciolini, la 
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Bagnoli e tutto lo staff INSTM, la stanza delle necessità, i ragazzi dell’eternit, Gimli, Melada, 
Trasatti, Guido e i fagiani, Mr TOC e il suo sottoprodotto, Nucera, Goglio, Deborah Scolari, 
Ilenia, Walter Water Mago Oronzo Oggioni, Jack, Bagno ad olio, Carvoli, Vaccani, la 
Cirincione, la Silvia del residence di Favignana, la Silvietta Tavelli, la Praglia, la Signora SIFA, 
Max, Massimino, Alex l’Ariete, DiscoRadio, la nonna di Albi, i due del Copia Copiae, Clelia 
Giannini, Marco Fava, AnAnto, Antony e Ridah, Angela, la rete WiFi del capanno e tutti gli 
impianti, Philip Grew e Sarah Clark, tutti gli addetti microfono/proiettore, per il cui 
accendimento è necessario avere qualità che la maggior parte dei docenti universitari non 
possiedono, la Silvietta della rosticceria, Salvatore John John Colaver, Federica Cavalli e il suo 
sottoprodotto, Maurizio Sansotera e Navarrini, Federico Persico, Mary Grace Grottoli, Prof 
Ranzi e Pierucci, Prof Ferruti e Manfredi, Prof Cozzi, Giuseppe o Giovanni (non mi ricordo il 
nome), la signora Crippa, l’Ileana, Di Michele il Peggiore, Letizia, Olga, Paoletta, Erika, 
Saretta, Samantha Putricelli Arianna Chesi, Umberto, Lorenzo e Alessia, Michela e Samanta, 
Serena Arnaboldi, la Madonna, Luigi Grace Kelly Garlaschelli, la Cinzietta, il Prof Ugo, 
Pieraccini, Guz, DaMan e Pisu, Elena, Simo e Gara. 
Un ultimo pensiero voglio dedicarlo alla mia famiglia. Grazie a mamma Antonella che 
mi ha sempre sostenuto e permesso di studiare finora. Il suo nome e non il mio dovrebbe essere 
scritto sul diploma. Grazie a miao fratello Francesco, un grande ingegnere, per te ci sarò sempre. 
Voglio ringraziare anche la persona che ha condiviso con me tutto quello che non è stato 
chimica in questi tre anni, lamentele, stress gioie e dolori. La mia donna, il mio amore, Diana. 
Noi ci conosciamo da sempre, e adesso stiamo iniziando un percorso insieme e non vedo l’ora. 
Ne passeremo insieme ancora tante, non sto nella pelle. Dire grazie non è sufficiente, sei il mio 
punto di riferimento e non vedo l’ora di passare la vita con te.  
Grazie a mio nonno Luigi Marò Galli, al grande zio Ferdinando e al mitico cugino Mauro. 
Un pensiero a mio padre Fortunato, a mia zia Ornella, alle mie nonne Angela e Maria e a 
mio nonno Lodovico. Siete vivi nei ricordi e quello che sono lo devo specialmente a voi. 
E adesso inizio veramente a vivere… 
